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Foreword 


The  main  purpose  of  this  book  is  to  serve 
dermatological  research.  A  review  of 
present  knowledge  in  the  field  of  the 
physiology  and  biochemistry  of  the  skin 
may  aid  dermatological  investigation,  be¬ 
cause  thorough  knowledge  of  morbid  proc¬ 
esses  is  inconceivable  without  an  under¬ 
standing  of  the  functions  which  are 
disturbed.  For  instance,  we  cannot  under¬ 
stand  seborrhea  or  acne  vulgaris  without 
studying  the  normal  function  of  sebaceous 
glands,  or  keratinization  anomalies  with¬ 
out  investigating  the  biological  processes  in 
the  normal  course  of  keratinization,  or  the 
influence  of  emotional  factors  on  skin  dis¬ 
eases  without  studying  the  physiological 
nerve  impulses  running  from  the  cerebral 
cortex  to  the  skin. 

Basic  research  in  dermatology  is  a  young 
branch  of  the  clinical  sciences.  I  have  wit¬ 
nessed  its  rapid  development  during  the 
last  twenty  years.  When,  about  twenty-five 
years  ago,  I  first  attempted  to  review  all 
available  data  on  the  biochemistry  of  the 
skin,  my  bibliographic  studies  often  were 
frustrating  because  of  scantiness  of  perti¬ 
nent  contributions.  It  was  not  much  better 
five  years  later.  By  now  the  situation  has 
become  reversed.  The  material  has  become 
overwhelmingly  large.  In  preparing  this 
book,  particularly  during  the  last  two  years, 
I  opened  with  misgivings  and  uneasiness 
the  newly  arriving  issues  of  biomedical 
periodicals,  because  their  api)earance  often 
meant  that  additions  and  corrections  had 
to  be  made  ift  chapters  which  were  by  then 
“completed.” 

The  material  which  pertains  to  the  })hysi- 
ology  and  biochemistry  of  the  skin  in  one 
way  or  another  is  so  immense  that  it  was 
obviously  impossible  to  review  it  in  one 
volume.  Some  kind  of  selection  had  to  be 
made.  One  principle  of  selection  was  to  deal 
in  greater  detail  with  functions  of  the  skin 


that  may  be  considered  unique,  such  as 
sweat  secretion,  keratinization,  sebum  for¬ 
mation,  and  melanin  production.  More  gen¬ 
eral  functions,  in  which  the  skin  participates 
in  some  particular  way,  such  as  cutaneous 
circulation  and  vascular  reactions,  are  also 
treated  in  detail.  The  other  principle  of 
selection  was,  corresponding  with  the  pur¬ 
pose  of  the  book,  to  put  emphasis  on  facts 
which  seem  to  be  most  important  for  basic 
research  in  dermatology.  For  instance, 
among  sensory  functions,  only  perception 
of  pain  and  itching  are  discussed  in  any 
considerable  detail.  Or  thermoregulation  is 
dealt  with  only  from  the  viewpoint  of  in¬ 
vestigational  dermatology.  Further,  the  bio¬ 
chemistry  of  nucleoproteins  is  not  discussed 
at  all,  because,  so  far,  they  have  not  been 
shown  to  behave  dififerently  in  the  skin  from 
the  way  they  do  in  other  organs. 

In  addition  to  these  legitimate  principles 
of  selection,  I  have,  no  doubt,  allowed  per¬ 
sonal  bias  to  dictate  arbitrary  choices  or 
emphasis.  I  have  discussed  in  greater  detail 
problems  on  which  I  myself  had  been  work¬ 
ing  and  those  which  in  my  personal  opinion 
seemed  most  important.  Of  course,  any  piece 
of  basic  research,  no  matter  how  insig¬ 
nificant  it  may  appear  at  the  moment,  may 
one  day  prove  to  be  fundamental  for 
clinical  application,  and  nobody^  including 
myself,  can  predict  whether  or  not  an  ex¬ 
periment  will  be  fruitful  in  the  future. 

Beyond  these  selections,  whether  objec¬ 
tively  justified  or  merely  arbitrary,  there 
obviously  is  a  number  of  conscious  and  un¬ 
intentional  omissions.  For  example,  the 
function  of  the  skin  as  an  excretory  organ 
for  foreign  substances  (with  the  exception 
of  hair)  has  not  been  dealt  with,  because 
It  does  not  belong  strictly  to  physiology  and 
biochemistry  and  would  have  added  unduly 
to  the  length  of  the  volume.  The  physiology 
of  nail  formation  and  nail  growth  has  not 
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been  discussed,  because  the  available  data 
are  too  scanty  for  a  comprehensive  presen¬ 
tation.  Quite  a  few  worthy  contributions, 
valuable  in  themselves  or  for  their  possible 
applicability  in  clinical  research,  have  not 
been  mentioned,  because  everything  could 
not  be  included.  As  to  the  unintentional 
omissions,  regrettable  as  it  may  be,  they  are 
likely  to  occur  in  any  attempt  to  make  a 
comprehensive  survey  of  the  world  litera¬ 
ture  of  the  last  twenty-five  years. 

I  have  attempted  to  establish  a  proper 
basic  level  of  discussion  and  to  maintain  it 
consistently.  Ideally,  the  book  should  have 
been  written  for  readers  who  know  as  much 
physiology  and  biochemistry  as  is  taught  in 
college  and  medical  school.  However,  too 
many  medical  men  have  forgotten  their 
college  physiology  and  biochemistry,  and, 
among  those  who  have  not,  too  few  have 
kept  abreast  of  new  developments  in  the 
field.  In  general,  I  have  tried  to  avoid  re¬ 
capitulation  of  facts  that  can  be  found  in 
current  texts  of  physiology  and  biochem¬ 
istry,  with  the  exception  of  some  general 
remarks  on  proteins,  enzymes,  and  vita¬ 
mins  which  were  included  because  of  their 
paramount  significance. 

Discretion  had  to  be  observed  in  regard 
to  the  application  of  physiological  knowl¬ 
edge  to  problems  of  pathology  and  clinical 
medicine.  On  the  one  hand,  there  was  the 
danger  of  excessive  reference,  with  the  end- 
result  of  unwittingly  turning  a  book  on  the 
physiology  of  the  skin  into  a  text  on  clinical 
dermatology.  On  the  other  hand,  some  aj)- 
plications  to  clinical  medicine  were  im¬ 
portant  enough  to  be  mentioned.  An  effort 
was  made  to  limit  such  discussions  to  im¬ 
mediate,  hitherto  unbroached,  ])roblems 
which  can  be  approached  easily  by  simple 
experimental  arrangements.  I  have  tried  to 
avoid  discussion  of  morphological  details, 
because  many  good  texts  are  available  on 
the  morphology  of  the  skin.  Description  of 
methods  was  entirely  omitted  because  it  is 
beyond  the  scope  of  the  book. 

In  organizing  the  contents,  I  found  it 
advantageous  not  to  separate  strictly  chap¬ 
ters  on  physiology  from  chapters  on  bio¬ 


chemistry,  because  jihysiological  functions 
and  biochemical  processes  are  greatly  inter¬ 
dependent.  I  discuss  the  composition  of 
sweat  and  the  biochemistry  of  the  aqueous 
surface  film  right  after  discussing  the 
physiology  of  sweat  secretion  and,  similarly, 
the  biochemistry  of  the  lipid  surface  film 
right  after  dealing  with  the  physiology  of 
sebaceous  excretion,  because  most  con¬ 
stituents  of  the  aqueous  film  stem  from 
sweat-gland  activity  and  most  constituents 
of  the  lipid  film  from  sebaceous-gland 
activity,  even  though  keratinization  also 
participates  in  producing  these  films.  The 
biochemistry  and  metabolism  of  the  main 
constituents  of  skin  tissue — proteins,  carbo¬ 
hydrates,  lipids,  water,  electrolytes,  and 
enzyme  systems — are  dealt  with  in  subse¬ 
quent  chapters.  But  even  these  apparently 
purely  biochemical  chapters  contain  many 
physiological  data,  as,  for  instance,  all  the 
chapter  on  keratinization. 

Criticism  could  be  made  of  my  excessive¬ 
ly  historical  approach  to  the  knowledge  in 
some  fields  or,  colloquially,  of  my  handling 
too  much  “old  stuff.”  If  the  work  is  criti¬ 
cized  on  this  ground,  I  can  merely  reply  not 
only  that  in  this  matter  I  have  followed  my 
personal  inclination  but  also  that  such  an 
approach  has  a  certain  didactic  value.  We 
live  in  an  age  of  rediscoveries.  And,  also, 
many  young  investigators  imagine  that  the 
seemingly  miraculous  development  of  the 
medical  sciences  in  the  last  two  decades 
came  about  without  any  preliminaries  by 
virtue  of  the  excellence  of  this  generation 
alone — somehow  as  Pallas  Athene  sprang 
forth  fully  armed  from  the  skull  of  her 
father  Zeus.  At  times  I  have  tried  to  point 
out  the  fallacy  of  this  naive  belief  and  to 
stress  the  gradual,  almost  paiiiful,  course  of 
develoj)ment  through  devious  and  erroneous 
pathways. 

As  a  result  of  this  pursuit,  it  is  i)ossible 
that  I  have  neglected  some  of  the  most 
recent  j)ublications.  I  must  take  the  blame 
for  this  shortcoming  and  can  only  say  to  any 
criticism  of  it  that  I  preferred  to  report  on 
older  confirmed  facts  rather  than  on  new 
unconfirmed  ones.  Very  recently,  a  similar 
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attitude  was  expressed  by  W.  H.  Hay  in  the 
American  Scientist,  with  a  quotation  from 
George  Sarton:  “Knowledge  of  the  past  will 
bring  out  the  distinctive  characteristics  of 
the  whole  process,  giving  us  ‘a  less  conceited 
view  of  our  share,  since  the  whole  of  past 
history  is  there  to  testify  that  contempo¬ 
rary  judgments  are  always  precarious.’  ” 
Gn  the  other  hand,  by  incorporating  every¬ 
thing  worth  while  published  up  to  the  time 
this  work  went  to  press,  my  young  con¬ 
tributors  have  undoubtedly  done  much 
better  than  I,  not  being  handicapped  by 
conservatism. 

Among  the  contributors,  Drs.  Felsher, 
Flesch,  Lorincz,  and  Wells  are  now  or  were 
in  the  past  members  of  the  staff  at  the  Uni¬ 
versity  of  Chicago.  I  was  also  privileged  to 


ix 

follow  closely  the  distinguished  careers  of 
Drs.  Lerner  and  Pinkus.  The  participation 
of  these  contributors  has  not  altered  the 
planned  homogeneity  of  this  monograph. 
They  certainly  took  a  considerable  load  off 
the  shoulders  of  the  senior  author  when 
they  graciously  and  unselfishly  consented  to 
help  him  write  this  book. 

If  this  book  awakens  some  interest  for 
basic  research  in  young  dermatologists  and 
helps  and  strengthens  the  enthusiasm  of  the 
few  dozen  young  men  who  already  have  de¬ 
voted  themselves  to  investigative  dermatol¬ 
ogy,  my  labors  and  those  of  my  colleagues 
will  be  richly  compensated. 

Stephen  Rothman 

Chicago 
May  195.t 
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WHEN  fifteen  years  ago  I  came  to  the 
United  States,  I  had  the  good  fortune 
to  become  associated  with  the  University  of 
Chicago.  There  I  experienced  such  measure 
of  freedom  as  is  undreamed  of  in  those  parts 
of  Central  Europe  where  I  had  worked  be¬ 
fore.  Therefore,  my  first  heartfelt  acknowl¬ 
edgment  must  go  to  the  University  of 
Chicago.  This  institution  made  it  jiossible 
for  me  and  my  associates  to  pursue  en¬ 
ergetically  a  great  number  of  problems  in 
the  field  of  investigative  dermatology. 

From  the  beginning  I  had  wonderful 
support,  encouragement,  and  assistance 
from  the  leaders  of  investigative  dermatol¬ 
ogy  in  this  country:  Dr.  Donald  M.  Pills- 
bury.  University  of  Pennsylvania;  Dr. 
Marion  B.  Sulzberger,  New  York  Univer¬ 
sity;  and  the  late  Dr.  J.  Gardner  Hopkins, 
of  Columbia  University. 

I  was  received,  encouraged,  and  helped 
with  the  same  kindliness  and  friendliness  in 
the  Chicago  Dermatological  Society  by  the 
top  representatives  of  dermatology  in  the 
Middle  West:  Dr.  Francis  M.  Senear,  Uni¬ 
versity  of  Illinois;  Dr.  Henry  E.  Michelson, 
University  of  Minnesota;  Dr.  Paul  A. 
O’Leary,  Mayo  Clinic;  Dr.  Arthur  C. 
Curtis,  University  of  Michigan;  Dr.  S. 
\\  illiam  Becker,  University  of  Chicago,  and 
others. 

In  preparing  this  book  all  the  research 
derrnatologists  in  this  country  helped  me. 

I  articular  thanks  are  due  to  Dr.  Raymond 
R.  Suskind,  University  of  Cincinnati,  who 
put  at  my  disposal  his  unparalleled  bibliog¬ 
raphy.  I  am  grateful  to  Drs.  Irvin  H.  Blank, 
Harvard  University;  Eugene  M.  Farber^ 
Stanford  University;  Peter  Flesch,  Univer¬ 
sity  of  Pennsylvania;  Franz  Herrmann, 
New  York  University;  Walter  C.  Lobitz’ 
Jr.,  Dartmouth  Medical  School;  Allan  l! 
Eorincz,  University  of  Chicago;  William 
Montagna,  Brown  University;  J.  P.  O’Brien 
University  of  Sydney;  and  Walter  b! 
Shelley,  University  of  Pennsylvania.  These 


men  sent  me  their  unpublished  manuscrijits, 
discussed  with  me  their  current  work,  and 
went  over  large  parts  of  my  manuscript. 
Mrs.  Margaret  Gomori,  librarian  in  Bil¬ 
lings  Hospital,  University  of  Chicago,  gave 
me  the  best  possible  service  with  kindness 
and  great  efficiency.  Dr.  Carl  T.  Nelson, 
Columbia  University,  most  kindly  helped  me 
in  my  bibliographic  studies  in  New  York. 

I  am  indebted  to  Drs.  Konrad  Bloch, 
Lillian  Eichelberger,  Nathan  Kleitman, 
Albert  L.  Lehninger,  all  of  the  University 
of  Chicago,  and  also  Dr.  Sheldon  A.  Walker, 
my  former  associate,  for  reading  and  helping 
to  correct  several  chapters  of  the  book. 

Miss  Grace  Knox,  member  of  the  staff 
of  our  Section  of  Dermatology,  revised  the 
manuscript  and  prepared  the  picture  ma¬ 
terial.  Miss  Knox  worked  with  genuine 
devotion,  sacrificing  all  her  free  time  for 
many  months.  My  wife.  Dr.  Irene  Rothman, 
not  only  helped  with  the  reference  work  but 
also  put  up  patiently  with  a  distraught  hus¬ 
band,  who,  on  top  of  his  full-time  job,  tried 
to  write  a  book.  The  faithful  and  devoted 
secretary  of  the  department,  Mrs.  Myrtle 
Olson,  most  efficiently  handled  all  organiza¬ 
tional  work.  Mr.  Norman  Britan,  Univer¬ 
sity  of  Chicago,  gave  valuable  assistance  in 
reference  work. 

This  work  is  dedicated  to  the  memory  of 
my  teacher,  Albert  Jesionek,  professor  of 
dermatology  at  the  University  of  Giessen, 
who  was  a  fatherly  friend  to  me.  He  was 
one  of  the  early  pioneers  who  had  the  vision 
and  courage  to  break  away  from  the  purely 
descriptive  dermatology  of  the  last  century. 
Both  his  monographs  on  Photohiology  (1912) 
and  on  Biology  of  the  Normal  and  Diseased 
Skin  (1916)  bear  witness  to  his  dynamic 
thinking. 

I  also  remember  with  affectionate  grati¬ 
tude  and  reverence  my  early  teachers  in 
biochemistry  and  physiology,  Franz  Hof- 
meister,  Karl  Spiro,  and  Franz  Tangl,  all 
representatives  of  a  great  tradition. 
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CHAPTER  1 


Mechanical  Properties 


I.  Tension  . 

II.  Resiliency  . 

III.  Tensile  Strength 


I.  TENSION 


IF  A  piece  of  skin  is  cut  out  of  its  natural 
habitat,  its  edges  will  retract,  a  sign 
that  in  vivo  the  skin  is  stretched  to  some 
degree,  like  a  somewhat  tight  glove  which  is 
forced  on  the  hand.  Because  of  this  original 
tension,  stretching  by  weak  forces  in  vivo  is 

20  r 
E 


Pressure  (cm.  H,0) 


Fig.  1. — Graph  of  excursion  of  skin  against  pres¬ 
sure.  Male,  twenty-five  years.  Skin  of  thigh,  medial 
side.  From  Dick  (6).  (Reproduced  by  permission  of 
the  University  of  Cambridge  Press.) 

resisted,  and  only  greater  forces  will  be 
effective  in  expanding  the  skin  (6).^  In  the 
work  of  J.  L.  Dick  (6)  the  initial  resistance 
to  quantitatively  graded  deforming  forces 
has  been  taken  as  a  measure  of  the  tension. 
By  measuring  the  maximum  deforming  force 
which  is  resisted  by  the  skin,  the  tension 

1.  Numbers  in  parentheses  indicate  references 
cited  at  end  of  each  chapter. 


can  be  expressed  in  dynes  per  centimeter  (6). 
The  tension  is  greater  in  areas  supplied  by 
dense  elastic  fiber  nets,  and  particularly  in 
regions  where  the  skin  is  thin  and  at  the 
same  time  rich  in  elastic  fibers,  such  as  the 
tibial  region.  It  is  less  in  areas  where  the 
skin  is  relatively  thick,  e.g.,  the  epigastrium. 
The  tension  is  much  greater  in  the  skin  of 
the  young  than  in  that  of  the  old  (Figs. 
1  and  2).  Correspondingly,  shrinkage  of 
excised  pieces  of  skin  is  much  greater  in 
young  adults  than  in  old  people  (1,  8).  But 
it  is  not  so  great  in  childhood  as  it  is  in  early 
adulthood  (1). 

The  tension  has  been  explained  by  the 
presence  of  abundant,  somewhat  stretched, 
elastic  fibers.  When  the  skin  is  placed  under 
increasing  tension,  first  the  elastic  fibers  and 
then  the  collagen  fibers  become  stretched. 
Old  people’s  skin,  with  poor  elastic  fiber 
supply,  has  a  low  initial  tension  and  shows 
little  resistance  to  slight  stretching,  but  it 
expands  relatively  less  than  the  skin  of  the 
young  when  the  force  is  increased  and 
collagen  fibers  are  stretched  (6)  (Fig.  2). 

Membranes  inside  the  body,  such  as  the 
fascia  lata  or  the  dura  mater,  have  no  initial 
tension.  Like  rubber,  they  expand  greatly 
under  the  first  few  increments  of  stretching 
force,  but  the  expansion  gradually  dimin¬ 
ishes  with  further  increments  of  the  force  (6) . 

The  direction  of  the  tension  of  the  skin  is 


1 


Pressure  (cm.  H^O) 

Pjg.  2. — Graphs  of  excursion  of  skin  (mm.)  against  pressure  (cm.  HjO)  for  the  medial  sides  of  the  thigh 
and  of  the  leg,  from  a  young  (twenty-five-year)  and  from  an  old  (sixty-five-year)  male,  ia)  Thigh,  medial 
(twentv-five  years);  (b)  thigh,  medial  (sixty-five  years);  (r)  leg,  medial  (twenty-five  years);  (d)  leg,  medial 
(sixty-five  years).  From  Dick  (6).  (Reproduced  by  permission  of  the  University  of  Cambridge  Press.) 


Fig.  3. — Cutis  verticis  gyrata 
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arranged  in  an  elaborate  line  system.  Al¬ 
most  a  hundred  years  ago  K.  Langer  (17) 
studied  these  directions  all  over  the  body 
surface  by  puncturing  the  skin  of  cadavers 
with  a  round  awl.  The  round  defect,  due  to 
(he  uneven  tension,  was  drawn  into  a  longi¬ 
tudinal  slit  along  the  direction  of  greater 
tension.  These  “cleavage  lines”  lie  in  the 
direction  of  lesser  extensibility  and  per¬ 
pendicular  to  the  direction  in  which  the  skin 
can  be  stretched  most  (19).  When  the  vol¬ 
ume  of  the  abdomen  or  of  the  extremities 
increases,  the  overlying  skin  stretches  with 
ease  in  this  perpendicular  direction;  but 
undue  stretching  in  the  direction  of  the 
cleavage  lines  causes  rupture  of  fibers  and 
formation  of  striae  distensae  (19).  Striae  can 
be  formed  in  normal  skin  when  the  stretch¬ 
ing  force  is  unduly  high,  but  they  are  most 
commonly  seen  if,  in  addition  to  stretching, 
there  is  abnormally  low  tensile  strength  of 
the  skin,  as  is  the  case  in  pregnancy  and  in 
Cushing’s  syndrome. 

Whereas  the  skin  normally  covers  the 
underlying  tissues  tightly  under  some  ten¬ 
sion,  it  may  under  certain  circumstances 


become  loose  and  redundant,  S})ontaneously 
forming  folds.  The  skin  of  the  scalp,  for 
instance,  might  be  disproportionately  large 
for  the  skuli  it  covered,  in  which  case  the 
characteristic  cutis  verticis  gyrata  of  Jadas¬ 
sohn  (12)  develops  (Fig.  3).  These  and  simi¬ 
lar  anomalies  were  discussed  by  F.  Pinkus 
(19)  under  the  heading  of  “developmental 
folds.”  Another  cause  of  fold  formation  can 
be  diminution  in  the  volume  of  the  fatty 
panniculus  without  volume  changes  in  the 
skin.  The  disproportion  between  these  two 
volumes  can  be  exaggerated  by  an  increased 
water  content  of  the  skin,  as  is  the  case  in 
infants  with  alimentary  disturbances  show¬ 
ing  a  characteristic  wrinkled  “senile”  skin. 
Finally,  the  original  tension  of  the  skin  may 
be  relaxed  because  of  degeneration  of  its 
elastic  fibers,  which  are  primarily  re¬ 
sponsible  for  this  tension.  In  this  case  the 
skin  again  becomes  too  “wide”  for  the  area 
it  is  supposed  to  cover  tightly,  and  wrinkles 
develop  for  this  reason.  They  are  character¬ 
istic  of  senile  skin.  The  “cigarette  paper 
wrinkling”  in  acrodermatitis  atrophicans  is 
a  sj)ecial  case  of  such  loosening. 


II.  RESILIENCY 


Qualitatively,  elasticity  is  usually  de¬ 
fined  as  the  ability  of  materials  to  resume 
their  original  shape  after  external  forces 
have  caused  a  deformation  and  then  ceased 
to  act.  By  this  definition  the  skin  in  vivo  is 
an  “elastic”  body.  Because  this  “elasticity” 
cannot  be  quantitatively  determined,  it  is 
probably  i)referable  to  talk  of  “resiliency.” 

Many  attempts  have  been  made  to 
measure  this  resiliency  in  vivo.  With  minor 
modifications,  the  “elastometer”  of  Schade 
(21,  22)  is  still  being  used  for  this  purpose. 
The  instrument  measures  and  registers  the 
indentation  of  the  skin  under  the  pressure 
of  graded  weights  and  the  return  of  the  in¬ 
dented  skin  to  its  normal  position  after  re¬ 
moval  of  the  weights.  A  modified  “elastom¬ 
eter”  was  recently  developed  by  Kirk  (16) 
and  is  described  in  detail  by  Kirk  and 
Kyorning  (15).  Edematous  skin  treated  in 
this  way  shows  much  slower  deformation  and 


slower  return  to  the  original  state  than  does 
normal  skin  (21). 

Kirk  and  Kvorning  (15)  found  distinctly 
different  “elastic”  behavior  of  the  skin  ac¬ 
cording  to  age.  In  young  adults  the  im¬ 
mediate  indentation  was  an  average  82  per 
cent  of  the  total  (more  slowly  completed) 
indentation,  while  in  the  aged  this  average 
percentage  was  70.  The  total  indenta¬ 
tion  was  greater  in  the  young  than  in 
the  old  (3.4  mm.  versus  2.7  mm.).  Even 
greater  were  the  differences  in  the  rebound. 
The  immediate  rebound  was  an  average  of 
76  per  cent  of  the  indentation  in  the  youii'^, 
43  per  cent  in  the  old.  In  the  light  of  these 
measurements  the  “elasticity”  of  the  skin 
was  not  perfect  in  vivo.  At  the  end  of  their 
experiments  Kirk  and  Kvorning  found  92 
per  cent  rebound  in  the  young  and  81  per 
cent  in  the  old.  In  strijis  of  cadaver  skin  the 
return  to  the  original  length  after  stretch- 
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ing  is  always  incomplete  to  a  degree,  depend¬ 
ing  not  only  on  the  absolute  amount  of  force 
but  also  on  the  rapidity  with  which  the 
stretching  force  is  applied  (25). 

Measurements  with  the  modified  “elas- 
tometer”  indicated  a  considerable  “rejuve¬ 
nation”  of  senile  skin  in  men  and  women 
after  systemic  and/or  topical  apjilications  of 
estrogenic  hormones  (4).  Topical  treatment 
with  estrogens  was  claimed  to  improve  the 
resiliency  of  old  people’s  skin  to  a  degree 
that  it  corresponded  to  a  rejuvenation  of 
about  15  years  (4).  The  same  treatment 
was  found  to  effect  a  redevelojiment  of 
elastic  fibers,  disappearance  of  collagen 
fragmentation,  increased  number  of  capil¬ 
lary  blood  vessels,  and  increase  in  the  num¬ 
ber  of  epidermal  cell  layers  (11,  9,  10). 

Should  these  findings  be  confirmed,  it 
would  appear  that  physical  measurements 
and  histological  findings  can  be  related:  de¬ 
generation  of  elastic  and  collagen  fibers, 
changes  in  the  ground  substance  (18),  poor 
blood  supply,  and  thinning  of  the  epidermis 
in  senescence  are  accompanied  by  decreased 
resiliency,  and  both  can  be  reversed  by  local 
applications  of  estrogens.  The  effect  of  local¬ 
ly  applied  male  sex  hormone  was  found  to 
be  less  pronounced  than  that  of  estrogens 

(10).  ,  .  . 

A  different  method  of  estimating  re¬ 
siliency  of  the  skin  was  introduced  by 
Jochims  (13).  First,  he  measured  the  force 
required  to  compress  maximally  a  skin  fold 
of  a  certain  thickness.  Then,  gradually  re¬ 
leasing  the  external  force,  he  estimated  at 
what  point  of  decreasing  force  there  was  a 
smoothing-out  of  the  fold.  In  normal  infants 
he  found  the  force  required  to  compress  the 
fold  maximally  to  be  about  twice  as  great  as 
the  force  at  which  the  skin  retracts  from  the 
folded  state.  He  interpreted  this  observation 
by  assuming  that  the  external  force  has  to 
overcome  an  elastic  and  a  nonelastic  re¬ 
sistance  of  the  skin.  Elastic  resistance  is  the 
force  at  which  the  folding  is  overcome.  Later 
on  (14)  this  view  was  somewhat  modihed. 

In  any  case,  Jochims’  measurements  on 
diseased  children  (13)  revealed  that  the 
skin  of  infants  with  malnutrition  (so-called 


“dystrophy”)  is  characterized  by  (a)  forma¬ 
tion  of  unusually  thin  folds  and  ib)  greatly 
decreased  tendency  to  retract  from  the 
folded  state.  In  contrast,  the  skin  of  infants 
suffering  from  acute  diarrhea,  dehydration, 
and  acidosis  (so-called  “alimentary  toxi¬ 
cosis”)  forms  normally  thick  folds,  requires 
normal  force  to  make  and  compress  a  fold, 
but  shows  a  decreased  tendency  to  retract 
the  fold  when  the  force  is  released. 

According  to  Jochims  (13),  one  compo¬ 
nent  of  elastic  skin  resistance  is  its  water 
content.  With  loss  of  water,  this  resistance 
decreases.  What  is  commonly  called  “tur¬ 
gor”  of  tissues  is  probably  this  component. 
It  is  common  knowledge  that,  in  states  con¬ 
nected  with  dehydration,  folds  formed  by 
lifting  the  skin  smooth  out  more  slowly  than 
normal. 

A  somewhat  modified  way  to  measure  the 
tension,  extensibility,  and  contracting  tend¬ 
ency  of  the  skin  has  been  the  measurement 
of  the  necessary  diminution  of  the  distance 
between  two  parallel  lines  drawn  on  the  skin 
to  form  a  fold  (14,  7).  The  two  lines  are 
brought  closer  to  each  other  by  pressure 
from  the  sides  with  an  instrument  (14)  or 
with  the  fingers  (7).  The  “contractility”  of 
the  skin  is  expressed  by  the  formula  C  = 
{L  —  Lq)/L,  where  L  is  the  original  distance 
between  the  two  parallel  lines  and  To  is  the 
distance  at  the  time  when  a  fold  has  just 
been  produced  (7).  The  closer  one  can  bring 
the  two  lines  without  fold  formation,  the 
greater  is  the  “contractility.”  This  “con¬ 
tractility”  seems  to  be  analogous  to  the 
“original  tension”  as  defined  by  Dick  (6).  In 
infants  suffering  from  malnutrition  (so- 
called  “dystrophy”)  it  was  found  to  be 
greatly  reduced. 

Folds  i)roduced  by  lifting  or  by  comjires- 
sion  may  be  folds  of  the  skin  proper  or  folds 
including  the  subcutaneous  fat  tissue. 
Thickness  of  folds  of  the  latter  variety  have 
j)roved  to  be  good  indices  of  nutritional 

state  and  water  content  (23,  2,  3). 

Tui  et  at.  (24)  described  a  “tissue  to¬ 
nometer,”  in  principle  the  same  as  the 
tonometer  of  ophthalmologists  measuring 
the  disifiacement  (or  “depression”)  of  the 


Mechanical  Properties 


skin  under  given  weights.  With  this  instru¬ 
ment  the  authors  were  able  to  follow  the  soft¬ 


ening  of  sclerodermatous  skin  under  the  in¬ 
fluence  of  therapeutic  measures. 


III.  TENSILE 

The  average  tensile  strength  of  the  skin 
of  human  cadavers  (without  subcutaneous 
fat)  was  found  to  be  1.8  kg/sq  mm  (26). 
However,  the  average  value  varies  greatly 
with  age  (20).  In  infants  up  to  three  months 
of  age,  it  is  only  0.25-0.30  kg/sq  mm;  in 
children  three  months  to  three  years  old,  it 
is  0.53  1.4  kg/sq  mm.  In  adults  from  fifteen 
to  fifty  years  old,  the  average  is  1.61  ± 
0.08  kg/sq  mm;  and  in  old  persons  from 


STRENGTH 

The  increasing  resistance  to  stretching 
with  advancing  age  is  best  illustrated  by 
calculating  the  modulus  of  elasticity,  which 
is  expressed  as  the  quotient  stress /strain  or 
force/'deformation.  The  less  the  deformation 
under  a  given  force  or  the  greater  the  force 
required  to  produce  a  certain  deformation, 
the  larger  is  the  modulus  of  elasticity. 

Rollhauser  (20)  gives  the  data  shown  in 
Table  1.  This  spectacular  increase  of  the 


I'lG.  4.— Extensibility  curves  of  the  skin.  Average  values  for  different  age  groups,  (a)  Children,  from  in¬ 
fants  born  two  months  prematurely  to  the  age  of  three  years;  (b)  fifteen  to  thirty  years;  (c)  thirty  to  fifty 

^  Curves  1  and  2  are  from  cases  with  unusually  weak  skin.  From  Rollhauser 

tiU}.  (Reproduced  by  jiermission  of  /Vkad.  Verlag  Geest  &  Portig  K.G.). 


fifty  to  eighty  years  old,  2.05  ±0.11  kg/sq 
mm  (20). 

Not  only  the  resistance  of  the  skin  to 
tearing  under  tension  but  also  its  extensi¬ 
bility  under  tension  are  functions  of  age 
(lig.  4).  The  older  the  individual,  the  less 
extensible  is  his  skin.  In  the  newborn  an 
excised  skin  strip  can  be  elongated  by  50-59 
per  cent  of  its  original  length  before  it  tears. 
In  infants  this  extensibility  varies  between 
37  and  52  per  cent,  in  adults  between  24  and 
48  j)er  cent.  Within  the  adult  group,  how¬ 
ever,  the  degree  of  elongation  before  tearing 
is  not  clearly  dejjendent  on  age  (20). 


modulus  of  elasticity  with  age  means  an 
increased  resistance  to  stretch  and/or  a 
decrease  in  extensibility. 

In  his  material  Rollhauser  (20)  found  a 
few  samples  with  abnormally  low  tensile 
strength,  deriving  mainly  from  adult  pa¬ 
tients  who  had  died  from  some  consumptive 
disease.  But  the  low  values  were  not  char¬ 
acteristic  of  any  particular  disease.  The  his¬ 
tological  })icture  in  these  cases  showed  little 
deviation  from  normal,  if  any.  Possibly  the 
collagen  fibers  were  more  split  than  normal, 
and  there  was  less  intertwining  of  fibers.  By 
far  the  lowest  values  were  found  in  a  case 
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of  Ehlers-Danlos  syndrome  (cutis  laxa). 
The  tensile  strength  in  this  thirty-live-year- 
old  male’s  case  was  0.34  kg/sq  mm.  Figure  5 
shows  one  of  my  own  cases  of  cutis  laxa. 

In  the  interpretation  of  Rollhauser  (20) 
the  tensile  strength  of  a  heterogeneous  ma¬ 
terial,  such  as  the  skin,  depends  on  qualila- 


compression.  As  stretching  progresses,  there 
is  a  jamming  of  fibers,  whereby  the  resist¬ 
ance  to  stretch  increases.  A  dense  network 
of  fibers  with  strong  anchoring  between 
them  has  a  greater  tensile  strength  than  a 
loose  network  in  which  fibers  may  glide 
along  one  another. 


TABLE  1 

.\VERAGE  Modulus  of  Elasticity  oe  the  Human  Skin 
AT  Different  Age  Groups  (20) 


Age  Group 

7  Mo.-.l  Years 

15-.I()  Years 

30-50  Years 

50-80  Years 

Modulus . 

2.9  +  0.45 

6.7  +  0.29 

8.1  ±0.34 

11.0  +  0.47 

tive  as  well  as  quantitative  factors,  viz.,  on 
the  mechanical  properties  of  its  strongest 
element,  on  the  relative  amount  of  this  ele¬ 
ment,  and  on  its  texture.  Energetic  stretch¬ 
ing  of  the  skin  leads  to  deformation  of  the 
collagen  bundles,  and  the  angles  of  iiber- 
crossing  change.  Initially,  there  is  little  re¬ 
sistance  to  stretch  because  for  a  while  the 
stretched  fibers  are  not  jammed  by  cross- 


Another  imjiortant  factor  is  tlie  water 
content.  It  inlluences  tensile  strength  in  two 
ways:  first,  fluids  have  no  tensile  strength, 
and  therefore  the  greater  the  water  content, 
the  smaller  the  tensile  strength;  second, 
water  facilitates  the  slipping  of  fibers 
along  one  another  and  thereby  further  de¬ 
creases  tensile  strength  (20).  In  this  inter¬ 
pretation  the  low  tensile  strength  of  infan- 
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tile  skin  is  caused  by  its  high  water  content 
and  by  the  looseness  of  its  collagen  network. 
With  advancing  age  the  fibers  become 
progressively  matted  and  intertwined  until 
compact  bundles  are  formed  in  the  adult. 

Rolllriuser  (20)  found  that  individual 
differences  in  tensile  strength  of  the  skin  are 
paralleled  by  similar  differences  in  the  ten¬ 
dons.  Therefore,  he  believes  that  tensile 
strength  is  a  systemic  (constitutional)  prop¬ 
erty  of  the  individual’s  fibrillary  structures. 
Wenzel  (25),  using  similar  methods,  arrived 
at  results  similar  to  those  of  Rollhauser. 
He  found  the  greatest  tensile  strength  and 
greatest  modulus  of  elasticity  always  along 
the  main  direction  of  the  collagen  fibers. 

While  Rollhauser  found  no  appreciable 
sex  differences,  Wenzel’s  measurements  (25) 
showed  less  tensile  strength  in  female  skin. 
His  most  important  findings  concern  the 
skin  in  pregnancy  and  in  Cushing’s  syn¬ 


drome.  In  pregnant  women  and  even  more 
in  patients  with  Cushing’s  syndrome  the 
tensile  strength  of  the  skin  is  as  low  as  in 
infants  or  lower.  It  has  a  similar  great 
extensibility  and  similar  low  modulus  of 
elasticity.  Conversely,  Wenzel  (25)  finds 
surgical  (fibrous)  scars  less  extensible  than 
normal  skin,  but  with  a  low  modulus  of 
elasticity  and  somewhat  decreased  tensile 
strength. 

Interestingly,  Wdhlisch  (26)  found  that 
the  tensile  strength  of  the  epidermis  + 
corium  is  greater  than  that  of  the  corium 
alone.  Thus,  apparently,  the  epidermis  has 
the  greater  appreciable  tensile  strength. 
However,  Rollhauser  (20),  controlling  the 
events  after  stretching  microscopically,  saw 
tears  in  the  epidermis  much  earlier  than  in 
the  corium.  No  data  could  be  found  on  the 
tensile  strength  of  the  skin  in  different 
diseases  of  the  corium. 
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I.  POLARIZATKW  CURRENTS 


Electrophysiological  work  is  done  with 
nonpolarizing  electrodes.  The  skin  or 
other  tissues  are  in  contact  with  a  salt  or 
salt  solution,  which,  in  turn,  contacts  the 
same  metal  as  that  contained  in  the  salt  as 
its  cation.  Mostly  the  zinc/zinc  sulfate, 
mercury/calomel,  and  silver/silver  chloride 
systems  have  been  used.^  If  a  galvanic  cur¬ 
rent  is  sent  through  such  a  system,  the  metal 
is  ionized  and  dissolved  into  the  salt  at  the 
anode,  and  metal  is  preeijiitated  from  the 
salt  solution  at  the  cathode.  Thereby  a 
“symmetrical”  system  is  created  in  which 
countercurrents  (polarization  currents) 
within  the  electrodes  are  eliminated.  When 
nonpolarizing  electrodes  are  used,  all 
changes  in  the  current  can  be  attributed  to 
jirocesses  taking  jilace  in  the  tissues. 

On  sending  a  direct  current  through  the 
human  body  by  means  of  nonjiolarizing 
electrodes,  the  initial  intensity  of  the  cur¬ 
rent  drops  considerably  within  a  fraction  of 
a  millisecond,  as  if  there  were  a  sudden  in¬ 
crease  in  ohmic  resistance  (Fig.  1).  This  im¬ 
mediate  and  sudden  change  in  the  intensity 

1.  For  modern  surface  electrodes  see  Kennedy 
and  Travis  (41). 


of  the  current  is  due  to  jiolarization,  i.e.,  to 
the  generation  in  the  body  of  an  electromo¬ 
tive  force  in  a  direction  opposite  to  that  of 
the  original  current.  The  polarization  cur¬ 
rent  is  produced  in  the  epidermis  exclusive¬ 
ly.  It  fails  to  apjiear  if  the  continuity  of  the 
epidermis  is  disrupted.  It  can  be  obtained 
in  its  full  strength  if  the  current  is  sent 
through  the  isolated  epidermis. 

Because  of  generation  of  polarization  cur¬ 
rents,  it  seems  as  if  the  body  would  have 
great  resistance:  at  a  given  electromotive 
force,  the  intensity  of  the  current  passing 
through  the  skin  is  extremely  low.  Since 
this  is  not  a  true  ohmic  resistance,  it  has 
been  called  a  “pseudo-resistance.”  Its  site 
is  in  the  ejiidennis.  After  removal  of  the 
epidermis  the  resistance  of  the  body  drops 
to  extremely  low  values. 

Polarization  currents  are  jiroduced  in 
tissues  when  the  mobility  of  different  ions 
is  different  in  the  different  media  through 
which  they  have  to  move,  with  or  without 
the  intluence  of  the  externally  im]iressed 
current.  In  the  epidermis,  ])olarization  is 
produced  in  ]iart  by  such  diffusion  poten¬ 
tials.  d  he  diffusion  potentials  are  much 
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greater  if  the  two  fluid  media  containing 
electrolytes  of  different  composition  and 
concentration  themselves  have  different 
physical  properties,  so  that  the  relative  mo¬ 
bility  is  different  in  the  two  media.  On  the 
surface  between  two  such  media  there  is  a 
tendency  to  equalize  concentrations;  but 
in  this  attempt  either  the  positively  or  the 
negatively  charged  ions  move  faster  than 
the  ions  with  oj^posite  charge.  This  separa¬ 
tion  cannot  go  too  far  because  of  electro¬ 
static  forces  which  oppose  separation  of 
ions  with  opposite  charges.  Still  it  goes  far 
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Pjc  1  —Development  of  i)olarizing  countercur¬ 
rent.  From  Rein  (55).  (Reproduced  by  permission  of 
Springer-Verlag.) 


enough  to  create  a  difference  in  charge  at 
two  closely  situated  i)oints. 

If  a  current  is  sent  through  the  body, 
diffusion  i>otentials  will  arise  between  the 
electrode  fluid  and  the  skin  surface,  as  wel 
as  between  the  skin  surface  and  any  point 
inside  the  body.  There  are  differences  m  the 
potentials  at  different  points  on  the  skin 

surface.  Thus  it  becomes  understandable 

that  even  without  ajiplying  an  e.xterna 
electrical  current,  just  connecting  tvvo  areas 
of  the  skin  surface  by  an  electrically  con¬ 
ducting  circuit,  the  connection  being  estab¬ 
lished  by  means  of  nonpolarizing  electrodes 
equal  in  all  respects  on  both  sides  an 
electrical  current  will  be  produced  the  in¬ 
tensity  of  which  can  be  measured  with  a 


microammeter.  This  happens  even  under 
the  best  possible  resting  conditions.  Thus 
skin  potentials  (or  resistances  induced  by 
the  potentials)  can  be  studied  either  by 
ajiplying  an  external  current  (exosomatic 
method)  or  without  it  (endosomatic  meth¬ 
od).  Potentials  measured  endosomatically 
are  also  called  “ground  potentials”;  and 
resistances,  “static  resistance  levels”  (47). 

The  potentials  measured  by  the  exoso¬ 
matic  method,  of  course,  will  depend  on  the 
electromotive  force  of  the  externally  im¬ 
pressed  current,  on  the  nature  of  the  elec¬ 
trode  fluid,  on  the  pressure  exerted  by  the 
electrode,  and  on  the  size  of  the  surface  area 
of  the  fluid  electrode  by  which  the  skin  sur¬ 
face  is  connected  with  the  electrical  circuit. 
The  latter  factor  was  studied  by  I.  H.  Blank 


(9)  in  detail.  In  the  exosomatic  arrange¬ 
ment,  if  the  electrode  surface  area  is  very 
large,  the  density  of  the  electric  current  (i.e., 
the  electrical  intensity  per  unit  area)  and 
the  changes  due  to  ionic  migration  will  be 
very  small.  Therefore,  in  studying  changes 
at  the  site  of  the  electrode,  it  is  sometimes 
advisable  to  use  one  relatively  large  and 
one  small  electrode.  In  this  arrangement 
little  happens  at  the  site  of  the  large  or  in¬ 
different  electrode,  but  intense  effects  are 
produced  at  the  site  of  the  small  or  active 
electrode.  The  active  electrode  can  be  con¬ 
nected  with  either  the  positive  or  the  nega¬ 
tive  pole  of  the  galvanic  element,  these  two 
arrangements  being  called  “anodal”  and 
“cathodal”  leads. 

The  behavior  of  the  ])olarization  on  the 
skin  surface  is  in  many  respects  analogous 
to  that  of  artiflcally  built  porous  membranes 
as  studied  by  Bethe  and  Toropoff  (6,  /) 
(p.  28).  Such  membranes  selectively  absorb 
either  cations  or  anions  in  their  ])ores.  Ac¬ 
cording  to  the  size  and  electrical  charge  ol 
the  pores,  the  membrane  may  slow  down  or 
completely  hinder  the  movement  of  either 
cations  or  anions.  41iey  are  “ionic  sieves  if 
they  are  completely  impermeable  to  either 

cations  or  anions. 

The  analogy  between  ionic  sieves  and  the 
epidermis  was  first  recognized  by  Rem  (5-). 
lie  separated  the  skin  from  the  human  body 
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and  found  that  it  behaved  like  a  membrane 
which  had  a  negative  charge  (as  against 
water),  adsorbing  anions  and  therefore 
being  impermeable  to  anions.  If  the  isolated 
skin  or  epidermis  was  used  as  a  diaphragm 
in  a  vessel  filled  with  water  and  a  direct 
current  was  sent  through  the  water,  there 
was  a  movement  of  the  water  from  the  anode 
to  the  cathode.  This  movement  of  water 
through  a  membrane  is  called  “electro¬ 
osmosis.”  Its  direction  is  toward  the  cathode 
if  the  membrane  has  a  negative  charge. 
Since  this  was  the  direction  of  the  current 
when  the  skin  was  the  diaphragm.  Rein  con¬ 
cluded  that  the  skin  has  a  negative  charge. 

The  negative  charge  of  the  skin  mem¬ 
brane  could  be  diminished  by  the  addition 
of  neutral  salts,  as  demonstrated  by  the 
decreasing  velocity  of  the  movement  of  the 
water  through  the  membrane.  The  salts 
were  more  effective,  the  higher  their  concen¬ 
tration  and  the  higher  the  valency  of  their 
cations.  They  were  effective  in  the  order 
K  <  Na  <  Ca  <  Al.  Eventually  the  skin 
became  discharged,  when  there  was  a  stand¬ 
still  of  the  endosmotic  water  movement. 
Beyond  this  point  the  skin  became  charged 
positively,  and  there  occurred  a  reversal  of 
the  direction  of  the  water  movement. 
Aluminum  ions  were  remarkably  effective  in 
reversing  the  charge.  An  alkaline  reaction 
increased  the  originally  negative  charge  due 
to  adsorption  of  hydroxyl  ions;  an  acid  reac¬ 
tion  caused  discharge  and  eventually  re¬ 
versal  of  charge.  Complete  discharge  oc¬ 
curred  between  pH  3  and  4. 

Most  protein  membranes  have  a  negative 
charge  in  neutral  solutions  and  no  charge  at 
the  isoelectric  point  (p.  340).  From  this 
point  proteins  can  be  charged  in  either 
direction  because  of  their  amphoteric  char¬ 
acter  (j).  340).  The  skin  surface  elements 
consist  of  a  heterogeneous  system  of  pro¬ 
teins,  to  which  the  term  “isoelectric  point” 
can  hardly  be  applied.  Still  it  may  be  worth 
while  mentioning  that  the  pH  at  which  the 
skin  surface  in  vivo  is  at  a  minimum  charge 
IS  identical  with  the  “isoelectric  point  of  the 
horny  layer”  (4.1)  as  established  by  Marchi- 
onini  (71)  and  by  P.  Keller  (38,  39). 


Because  of  the  originally  negative  charge 
in  the  superficial  skin  layers,  it  is  relatively 
easy  to  introduce  basic  dyes  (dye  cations, 
e.g.,  methylene  blue)  into  the  skin  electro- 
phoretically,  whereas  acid  dyes  (dye  anions, 
e.g.,  eosin)  do  not  penetrate  (53)  (p.  51). 
Even  without  an  externally  applied  electro¬ 
motive  force,  dye  cations  penetrate  into  the 
epidermis  and  the  upper  part  of  the  follic¬ 
ular  epithelium. 

Rein  (54)  studied  the  potential  difference 
between  two  skin  areas  when  potassium 
chloride  solutions  of  different  concentration 
were  used  as  electrode  fluids.  The  mobilities 
of  K  and  Cl  are  almost  exactly  equal,  and 
therefore  no  potential  differences  are  gen¬ 
erated  within  the  electrode  fluid.  When  the 
concentration  of  one  electrode  was  kept  con¬ 
stant  (N  KCl)  and  the  concentration  on 
the  other  was  varied  from  1/40  N  down¬ 
ward,  an  electrical  flow  was  obtained  from 
the  site  of  the  more  dilute  toward  the  site 
of  the  more  concentrated  solution.  With 
increasing  dilution  at  the  variable  electrode, 
the  positivity  at  this  electrode  increased. 
Positivity  at  the  variable  electrode  de¬ 
velops  because  the  total  electrolyte  concen¬ 
tration  in  the  skin  surface  layers  is  greater 
than  N,  10,  and  therefore  the  electrolytes 
of  the  skin  tend  to  diffuse  into  the  electrode 
fluid;  however,  the  skin  being  impermeable 
to  anions,  only  cations  are  able  to  move 
toward  the  electrode.  This  makes  the  elec¬ 
trode  fluid  more  positive.  The  potential 
differences  with  the  concentration  differ¬ 
ences  1  1,000  N:1  400  N  and  1  100  N: 
1/10  N  were  found  to  be  greater  than  the 
potential  differences  with  1/10  N:N.  This 
happened  because  under  the  influence  of 
relatively  high  salt  concentrations  the  skin 
became  more  and  more  permeable  to  anions 
being  discharged  or  depolarized,  and  both 
anions  and  cations  could  migrate  to  equal¬ 
ize  differences  in  concentration.^  Table  1 
shows  the  numerical  data  of  the  measured 
potential  differences  and  the  reversibility  of 
discharge  by  salts. 

Rein  (54)  found  a  remarkable  sex  differ- 


concentration  see  Heutner  (8). 
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ence  in  the  polarizing  capacity  of  the  skin, 
weaker  in  the  female  than  in  the  male. 
Among  other  clear-cut  differences,  he  ob¬ 
served  that  depolarization  of  the  skin  sur¬ 
face,  which  occurs  when  a  galvanic  current 
is  sent  through  the  body  continuously,  takes 
place  in  the  skin  of  women  at  a  more  rapid 
rate  than  in  men. 

Rein  (55)  jiresented  histological  and 
elec  trophy  siological  evidence  that  the  high 
electromotive  forces  produced  at  the  bound¬ 
ary^  of  fluid  and  skin  are  not  due  to  the 
multiplicity  of  layers  in  the  epidermis.  In 
other  words,  high  polarization  is  not  due  to 
the  fact  that  several  polarizing  elements  are 
connected  in  series.  He  demonstrated  on 


TABLE  1  (54) 


Constant 

Electrode 

Variable 

Electrode 

Emf 

(Milli¬ 

volts) 

Charge  of 

Variable 

Electrode 

N  KCl  .. 

0.01  X  KCl 

20.00 

+ 

N  KCl 

0.1  X  KCl 

4.40 

+ 

X  KCl  . 

X  KCl 

0.00 

0 

X  KCl  . . . 

2  X  KCl 

7.00 

— 

X  KCL... 

0.01  X  KCl 

19.00 

+ 

lifeless  membranes  that  a  single  surface  (so- 
called  “boundary  lamella”)  can  very  well  be 
the  site  of  as  high  potentials  as  those  found 
in  the  skin.  By  changing  the  concentration 
of  the  potassium  chloride  solutions.  Rein 
found  that  the  changes  in  the  intensity  of 
current  were  so  abrupt  and  so  profound 
that  it  was  not  feasible  to  attribute  this 
change  to  subsequent  events  in  subsequent 
layers. 

According  to  Rein,  the  boundary  at 
which  polarization  currents  originate  can¬ 
not  be  in  the  horny  layer,  because  the  horny 
layer  is  a  grossly  porous  membrane  m 
which  not  only  ions  but  also  large  molecules 
move  freely.  It  is  easy  to  demonstrate  that 
any  kind  of  neutral,  acid,  or  basic  fjye  pene¬ 
trates  the  horny  layer  without  difficulty. 
However,  such  dyes  come  to  a  sudden  halt 
at  the  lower  level  of  the  horny  layer,  and 
the  Malpighian  layer  remains  unstained. 
Rein  concluded  that  the  iiolarizing  mem¬ 


brane  is  in  the  stratum  lucidum  (p.  29),  but 
he  jirobably  meant  more  generally  the 
boundary  between  noncornified  and  corni- 
fied  epidermis  (p.  29).  I  pointed  out  (70) 
that  this  boundary  has  the  characteristics 
of  an  electrical  double  layer,  the  outside 
having  a  strongly  acid,  and  the  inside  a 
slightly  alkaline,  reaction.  This  situation  is 
analogous  to  that  in  Bethe’s  artificial  mem¬ 
brane  after  an  electric  current  was  sent 
through  it. 

In  spite  of  the  impressive  work  of  Rein, 
there  is  still  no  general  agreement  concern¬ 
ing  this  point.  Lewis  and  Zotterman  (43), 
as  well  as  Rosendal  (66,  67),  for  instance, 
insisted  that  the  site  of  high  resistance  to 
galvanic  current  is  the  horny  layer,  and 
recently  the  resistance  to  alternating  cur¬ 
rent  was  also  interj)reted  in  this  way  (28). 

Recently  Pozzo  (50)  tried  a  new  ap¬ 
proach  by  inserting  needle  electrodes  into 
different  depths  of  cadaver  skin,  measuring 
the  distance  of  the  needle  points  from  the 
surface,  and  recording  the  intensity  of  cur¬ 
rents  flowing  through  between  two  needle 
points  when  connected  with  a  galvanic  source 
of  42  volts.  No  polarization  current  was  ob¬ 
tained  from  the  needle  electrodes  down  to 
0.3  mm.  depth.  At  that  depth  a  weak  cur¬ 
rent  was  obtained.  The  intensity  of  the 
current  reached  a  maximum  in  some  cases 
at  0.5  mm.;  in  other  cases  at  1.2  mm.  All 
one  could  conclude  was  that  the  main  site 
of  the  ])olarizing  membrane  is  somewhere 
below  0.3  mm.  If  such  e.xperiments  were 
controlled  histologically,  so  that  the  posi¬ 
tion  of  the  needle  point  could  be  established 
topographically  with  microscopic  accuracy, 
valuable  information  could  be  obtained 
about  the  site  of  the  polarizing  membrane. 
The  thickness  of  the  horny  layer  is  so  vari¬ 
able  individually  and  regionally  that,  with¬ 
out  histological  control,  it  is  not  jiossible  to 
decide  the  question  of  whether  the  resistance 
resides  within  the  dead  horny  layer,  as  Lewis 
and  Zotterman  and  others  iiostulate,  or 
below  it.  I  am  inclined  to  accept  the  evi¬ 
dence  of  Rein,  mainly  because  of  his  tindinp 
on  dye  ].enetration  and  because  of  the 
electrical  double  layer  characteristic  of  the 


Electrical  Behavior 


boundary  between  cornitied  and  noncorni- 
fied  epidermis.  However,  at  the  present  time 
it  cannot  be  determined  whether,  in  areas 


13 

with  a  thick  horny  layer,  its  lower  compact 
part  does  or  does  not  participate  in  forming 
the  polarizing  membrane  (p.  32). 


II.  TONUS  POTENTIALS  OF  P.  KELLER  (38,  39)  (ELEC  PRIC.XL 
SKIN  POTENTIALS  AFTER  ELIMIN.4TION  OF 
DIFFUSION-TYPE  POTENTIALS) 


The  data  of  Rein,  reproduced  in  Table  1, 
are  only  e.xpressions  of  different  mobilities 
of  ions  inward  and  outward  at  the  boundary, 
depending  on  the  difference  in  concentration 
of  the  two  electrode  fluids.  Rein  (54) 
thought  that  more  meaningful  values  could 
be  obtained  if,  at  the  site  of  one  electrode, 
the  resistance  at  the  boundary  were  com- 
])letely  removed.  By  superficial  scarification 
of  the  epidermis,  the  skin  becomes  an 
electrically  neutral  nonpolarizing  medium, 
with  free  exchange  of  ions  in  all  directions. 
Such  scarified  areas  have  become  insensi¬ 
tive  to  changes  in  concentration  of  electrode 
fluids  with  which  they  are  in  contact;  and 
thus  diffusion-type  potentials  have  been 
eliminated.  Actually,  the  potentials  meas¬ 
ured  at  such  places  are  conspicuously  con¬ 
stant.  According  to  Rein  (55),  the  potential 
at  the  injured  site  can  be  regarded  as  a 
zero  point,  so  that  potential  differences  be¬ 
tween  this  site  and  sites  of  intact  skin  can  be 
regarded  as  a  true  measure  of  the  electrical 
charge  of  intact  skin. 

If  a  scarified  spot  is  connected  with  a 
si)ot  of  intact  skin  by  nonpolarizing  elec¬ 
trodes  and  by  the  use  of  N  to  2N  KCl  as 
electrode  fluid,  a  current  can  be  observed 
flowing  from  the  injured  area  toward  the 
uninjured  normal  skin  (55).  In  relation  to 
the  injured  area  the  normal  skin  has  a 
negative  potential  because  of  better  pene¬ 
tration  of  K+  than  of  CR  from  the  electrode 
fluid  into  the  skin  (p.  11),  while  in  the 
injured  area  the  ions  move  with  equal 
velocity  in  both  directions. 

Keller  (38,  39)  noticed  that  it  was  not 
necessary  to  scarify  the  skin  in  order  to 
eliminate  diffusion  potentials  and  to  secure 
constant  potentials.  Prolonged  soaking  of 
the  skin  in  water  or  in  concentrated  salt 


solutions  had  the  same  result.  The  most 
effective  method  of  depolarization  was  soak¬ 
ing  in  acids  at  pH  3.4,  which  caused  the 
skin  immediately  to  lose  its  negative  charge. 
In  spite  of  the  elimination  of  the  diffusion 
potential  by  soaking,  such  discharged  areas 
were  found  to  be  electrically  active,  inas¬ 
much  as  when  they  were  connected  with 
an  injured  area,  the  soaked  areas  showed 
electric  negativity  as  related  to  the  injured 
spot.  Keller  found  considerable  variation  in 
these  negative  charges  in  different  regions 
of  the  body  surface.  Highest  values  were 
obtained  on  palms,  which  would  suggest 
that  such  a  potential  is  due  to  sweat-gland 
function.  Keller  insisted,  however,  that  his 
tonus  potentials  are  clearly  distinct  from 
the  potentials  of  the  psychogalvanic  reflex 
(p.  17),  the  latter  being  a  short-lasting 
impulse,  while  Keller’s  potentials  repre¬ 
sented  a  continuous  “tonic”  state  which  re¬ 
mained  unchanged  for  30  minutes  or  longer. 
Still  the  potentials  obviously  were  con¬ 
nected  with  nervous  activity.  Atropiniza- 
tion  caused  disappearance  of  the  charge  on 
palms  and  flexor  surfaces  of  forearms  and  a 
slight  decrease  of  charge  on  the  forehead. 
The  charge  of  the  skin  on  chest,  upper  arms, 
and  extensor  aspects  of  forearms,  however, 
did  not  change  after  atropinization.  Poten¬ 
tials  decreased  by  atropinization  could  be 
further  decreased  by  procainization.  There¬ 
fore,  it  was  thought  that  if  the  potentials 
measured  in  this  way  are  a  function  of 
nervous  activity,  they  are  not  merely  due 
to  sudomotor  impulses  but  are  the  e.xpres- 
sion  of  a  more  general  nerve  tonicity. 

On  the  basis  of  Keller’s  work,  Woeber 
and  Hogrebe  (79,  78)  depolarized  skin  areas 
by  soaking  with  concentrated  potassium 
chloride  solution.  Subsequently,  they  con- 
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nected  the  soaked  area  with  an  area  of  un¬ 
treated  normal  skin.  Saturated  potassium 
chloride  solution  was  used  on  the  soaked 
spot  as  the  electrode  fluid,  and  a  weaker 
salt  solution  on  the  normal  skin.  In  this  way 
Woeber  obtained  negative  charges  on  the 
normal  skin  ranging  from  —10  to  —40  mv, 
the  range  being  due  to  individual  and  region¬ 
al  differences  as  well  as  to  day-by-day 
variations.  They  also  measured  potentials 
on  normal  mucous  membranes  and  found 
lower  values  there,  namely,  —2  to  —20  mv. 

If  one  lead  was  taken  from  intact  skin 
with  saturated  KCl  solution  and  the  other 
lead  from  a  naturally  diseased  lesion  with 
N/ 10  KCl  solution,  positive  potentials  up  to 
70  mv  were  obtained  in  the  diseased  lesions, 
regardless  of  whether  the  epidermis  was 
grossly  broken  or  not.  It  was  found  that  the 
])ositive  potentials  were  (1)  higher  in  acute 
than  in  chronic  inflammatory  processes;  (2) 
higher  on  the  surface  of  rapidly  growing 
than  on  slowly  growing  lesions;  (3)  low  in 
torpid  ulcerations  but  rapidly  increasing 
when  healing  set  in.  In  healing  granulating 
ulcers  the  originally  positive  potentials 
dropped  to  zero  when  epithelization  set  in; 
and  after  the  healing  process  was  completed. 


the  physiological  negative  potential  was 
restored. 

It  was  concluded  that  if  the  epidermis  is 
intact,  it  always  has  a  negative  charge  rela¬ 
tive  to  an  area  which  is  depolarized  by 
saturated  potassium  chloride  solution.  As 
soon  as  the  epidermis  suffers  some  damage, 
this  negative  charge  disappears,  and  the 
charge  of  the  damaged  skin  becomes 
identical  with  that  of  depolarized  skin.  The 
pathological  ])rocess  progressing  under  the 
damaged  epidermis  produces  a  positive 
charge.  The  more  proliferative  this  process, 
the  higher  is  the  positivity. 

It  should  be  pointed  out  that  the  negative 
charge  of  normal  skin  as  contrasted  with  the 
positive  charge  of  damaged  skin  is  in  con¬ 
trast  with  the  behavior  of  muscle.  If  the 
intact  surface  of  a  muscle  is  connected  with 
an  injured  spot  of  the  same  muscle,  a  cur¬ 
rent  will  flow  from  the  relatively  positive 
intact  surface  to  the  relatively  negative 
damaged  spot. 

A  conspicuously  large  decrease  of  gal¬ 
vanic  resistance  was  found  by  Battaglini  (5) 
in  lupus  erythematodes  lesions;  the  decrease 
was  less  in  “eczema”  and  very  much  less  in 
lesions  of  psoriasis. 


III.  RESISTANCE  OF  THE  SKIN 
A.  IMPEDANCE  (36) 

The  total  opposition  e.xerted  by  a  circuit 
to  the  flow  of  an  alternating  current  is  called 
the  “impedance”  of  the  circuit.  This  opposi¬ 
tion  is  different  in  nature  from  simple  ohmic 
resistance  to  direct  currents. 

Whenever  a  current  flows  through  a  coil, 
a  counter  electromotive  force  is  induced  in 
the  coil.  This  induced  voltage  tends  to 
opfiose  any  change  in  the  current  flow,  and, 
therefore,  in  the  case  of  alternating  currents 
a  counter  electromotive  force  is  induced 
continuously.  Consequently,  the  opposition 
of  the  coil  to  the  flow  of  an  alternating  cur¬ 
rent  will  be  greater  than  that  to  the  flow  of  a 
direct  current.  The  impedance  e.xerted  by  a 
coil  by  virtue  of  inductance  is  called  its 
“inductive  reactance.”  It  is  e.xjiressed  in 
ohms.  Its  value  increases  proportionally  to 
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the  frequency  of  the  alternation  of  the  cur¬ 
rent. 

If  the  circuit  has  condenser  properties,  in 
other  words,  if  it  contains  materials  with 
high  conductance  separated  by  materials 
with  high  dielectric  properties,  an  alternat¬ 
ing  current  will  alternately  charge  and  dis¬ 
charge  the  condenser,  which,  in  turn,  will 
oppose  these  changes.  This  opposition  is 
called  “cajiacitance  reactance.”  Its  value  is 
expressed  in  ohms.  It  is  inversely  propor¬ 
tional  to  the  capacitance  of  the  condenser 
and  to  the  frequency  of  the  current. 

Both  reactances  cause  a  disiilacement  of 
the  periodicity  of  the  alternating  current. 
The  shift  of  the  jihase  is  measured  geo¬ 
metrically  by  an  angle  called  the  “phase 
angle”  and  is  expressed  either  directly  m 
degrees  or  as  the  tangent  of  the  angle. 
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B.  IMPEDANCE  OF  NORMAL  SKIN 

Early  measurements  of  the  impedance  of 
human  skin  (30,  31)  revealed  that  the  skin 
exerts  a  capacitance  reactance  to  the  flow 
of  an  alternating  current  in  the  audiofre¬ 
quency  range  (periods  of  from  100  to  3,200 
jier  second).  The  reactance  tended  to  in¬ 
crease  with  decreasing  frequency.  The  early 
data,  however,  did  not  reflect  clearly  the 
impedance  of  the  skin  proper,  because  the 
values  obtained  included  the  impedance  of 
deeper  tissues.  Moreover,  the  data  of  dififer- 
ent  authors  were  not  in  good  agreement  (12). 

Horton  and  van  Ravenswaay  (37)  worked 
out  a  four-electrode  method  whereby  it  be¬ 
came  possible  to  measure  separately  the 
imjiedance  of  the  skin  (“surface  sheath”) 
and  that  of  deeper  tissues  (“inner  imped¬ 
ance”).  Barnett  (1)  further  developed  and 
perfected  the  multielectrode  principle.  His 
data  actually  represent  solely  the  imped¬ 
ance  of  the  skin.  Barnett  found  that  the 
high  resistance  of  the  “external  sheath”  re¬ 
sides  in  the  epidermis.  With  his  special 
annular  electrodes,  6  sq.  cm.  in  area,  this 
impedance  was  of  the  order  of  100  ohms  in 
normal  subjects  in  the  winter  months, 
gradually  increased  in  spring  to  a  maximum 
of  140-250  ohms  in  summer,  and  declined 
again,  starting  in  October  (4).  The  same 
seasonal  variations  were  found  to  be  present 
also  in  institutionalized  psychotic  patients, 
who  were  hardly  exposed  to  solar  radiation, 
variations  in  temperature,  and  other  atmos¬ 
pheric  changes.  Barnett  thought  the  ob¬ 
served  seasonal  variations  could  be  best  ex¬ 
plained  by  variations  in  the  thickness  of  the 
epidermis  (see  below). 

Barnett  (2)  found  the  phase  angle  of  the 
skin  at  15,300  cycles  between  64°  and  78°, 
with  a  mean  value  of  7l?3  and  a  standard 
deviation  of  2?85,  a  fairly  narrow  range.  The 
mean  value  for  males  was  7l?6,  for  females 
70?9.  In  the  range  of  frequencies  between 
200  and  2,000  cycles  the  jihase  angle  re¬ 
mained  constant.  Such  behavior  occurs  only 
m  simple  structures,  and  it  was  rather  sur¬ 
prising  to  find  it  in  the  multilayered  and 
heterogeneous  epithelium.  Barnett  believed 
that  this  might  be  due  to  a  “close  jiacking” 


of  the  cells.  .Another  exiilanation  may  be 
that  the  site  of  capacitance  reactance  is  a 
single  surface  at  the  border  of  noncornified 
ejiithelium,  as  is  the  site  of  the  galvanic 
pseudo-resistance,  according  to  Rein  (p.  12). 
Barnett’s  results  were  confirmed  by  Geets 
and  Colle  (26). 

Gerstner  (27)  used  a  different  method  to 
separate  the  impedance  of  the  skin  from  that 
of  deeper  structures.  He  achieved  the  sepa¬ 
ration  by  the  use  of  carbon  powder-saline 
electrodes.  With  this  method  he  found  a 
capacitance  reactance  in  the  skin  which 
changed  geometrically  with  the  frequency 
of  the  current,  the  factor  being  2  with 
octaves  in  cycles.  He  stated  that  with  his 
method  that  part  of  the  impedance  was 
measured  which  was  due  to  ion  stasis  in  the 
presence  of  ion-impermeable  membranes. 
In  parallel  with  the  lower  resistance  to 
galvanic  currents  in  females  (p.  12), 

Gerstner  found  in  low  frequencies  (up  to 
1,600  per  second)  a  lower  capacitance  re¬ 
actance  in  women  than  in  men.  He  demon¬ 
strated  that  this  reactance  increased  with 
age  up  to  about  forty-five  and  became  less 
again  between  sixty  and  seventy.  In  low- 
frequency  ranges  there  were  definite  regional 
differences  in  impedance,  such  as,  for  in¬ 
stance,  ball  of  thumb  >  forearm  >  ab¬ 
domen  >  forehead,  an  order  reminiscent  of 
regional  differences  in  “ground  potentials” 
(p.  13).  However,  he  also  found  that  if  a 
person  had  unusually  high  or  unusually  low 
impedance  on  one  part  of  the  body  surface, 
the  values  on  other  parts  were  correspond¬ 
ingly  high  or  low.  Therefore,  he  thought  that 
the  cutaneous  impedance  could  be  regarded 
as  a  general  characteristic  trait  of  the  indi¬ 
vidual. 

On  the  buccal  mucous  membrane  Gerst¬ 
ner  found  lower  impedance  values  (phase 
angle  below  45°)  than  on  the  skin.  After 
death  the  imjiedance  of  the  skin  did  not 
change  essentially.  In  isolated  pieces  of 
cadaver  skin  the  values  were  comparable  to 
values  obtained  in  vivo.  Even  the  sex  differ¬ 
ences  could  be  demonstrated  in  cadaver 
skin. 

In  a  subsequent  pajier  Gerstner  and 
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C.erbstadt  (28)  standardized  the  method. 
They  found  that  one  can  obtain  results  with 
good  reproducibility  if  the  electric  density 
at  the  electrodes  is  below  0.015  M.A./sq  cm, 
if  the  pressure  exerted  by  the  electrode  is  less 
than  100  gm/sq  cm  and  if  the  concentration 
of  the  sodium  chloride  solution  in  the 
electrode  is  1  per  cent  or  less. 

Furthermore,  they  attempted  to  study 
the  site  of  the  capacitance  reactance  in  the 
skin  by  measuring  it  before  and  after  burn¬ 
ing,  scarification,  and  sandj)apering.  They 
found  that  the  separated  tops  of  their  burn 
blisters  had  the  same  reactance  as  that  of 
the  total  skin,  while  the  reactance  of  the 
denuded  skin,  after  removal  of  the  blister 
top,  dropped  to  almost  zero,  the  skin  be¬ 
having  almost  like  a  nonpolarizable  ohmic 
resistance.  The  reactance  could  be  abolished 
also  by  superficial  scarification  or  by  sand¬ 
papering. 

The  authors  concluded  that  the  site  of 
reactance  must  be  localized  in  the  horny 
layer,  as  was  assumed  previously  by  others 
(29,  22).  They  attempted  to  substantiate 
this  conclusion  by  histological  examination. 
They  definitely  could  demonstrate  that  the 
thicker  the  horny  layer  was,  the  higher  the 
impedance  of  the  skin. 

The  difficulty  in  accepting  this  conclu¬ 
sion  is  the  same  as  in  the  case  of  polarization 
in  response  to  direct  current.  The  authors 
did  not  determine  histologically  whether 
their  blister  top  actually  consisted  of  only 
horny  layer  (although  they  called  it  that) 
and  did  not  control  histologically  the  depth 
of  damage  caused  by  scarification  and  sand- 
j)apering.  As  a  matter  of  fact,  studying  their 
data,  I  found  that  weak  and  fine  damage  to 
the  skin  in  vivo  and  in  cadaver  skin  did  not 
substantially  decrease  the  imjiedance.  The 
question  is  still  debatable  as  to  whether  the 
capacitance  reactance,  like  the  pseudo¬ 
resistance  to  galvanic  current,  has  its  site  in 
the  horny  layer  jiroper  or  between  the 
cornified  and  noncornified  layers  (pp.  12 

and  29).  •  , 

It  has  been  known  for  a  long  time  that 

the  electrical  behavior  of  the  skin  is  ab¬ 
normal  in  diseases  of  the  thyroid  gland  (11).. 


A  high  basal  metabolic  rate  is  connected 
with  low  impedance,  and  the  ojiposite  is  true 
for  a  low  basal  metabolic  rate. 

Barnett  (3)  demonstrated  that  the  low¬ 
ered  impedance  in  thyrotoxicosis  does  not 
involve  any  change  in  the  phase  angle;  and 
he  interpreted  this  type  of  change  as  being 
due  to  a  change  in  the  thickness  of  the 
condenser  without  change  in  the  dielectric 
material.  In  other  words,  in  thyrotoxicosis 
the  epidermis  is  thinner,  in  hypothyroidism 
thicker,  than  normal,  but  there  are  no 
qualitative  changes.  Barnett  found  in 
mentally  diseased  persons  subnormal  values 
of  impedance  such  as  those  which  occur  in 
thyrotoxicosis,  and  he  speculated  that  the 
thinning  of  the  epidermis  in  these  cases 
might  be  due  to  a  deficiency  in  pituitary 
hormones. 

Gerstner  (27)  found  high  impedance  in 
patients  suffering  from  internal  malignancies 
(due  to  thickening  of  the  epidermis?). 

C.  IMPEDANCE  OF  THE  SKIN  IN 
DERMATOSES 

L.  Gougerot  (34)  was  the  first  to  compare 
imjiedance  of  normal  and  of  pathologically 
altered  skin.  He  used  an  alternating  current 
with  4,000  cycles  per  second,  saline-soaked 
filter-paper  electrodes,  8.5  sq.  cm.,  and  took 
leads  from  the  extensor  and  flexor  aspects  of 
forearms  and  lateral  surfaces  of  the  thighs. 
On  normal  skin  the  tangent  of  the  phase 
angle  was  always  greater  than  0.88,  and 
the  impedance  greater  than  150  ohms.  In 
forty-two  measurements  average  values 
were:  phase-angle  tangent  1.45,  imped¬ 
ance  300  ohms.  In  forty-one  measurements 
on  twenty-three  patients  with  active  lesions 
of  “eczema”  or  “eczematized  microbial 
dermo-epidermite,”  all  values  were  patho¬ 
logically  low.  The  phase-angle  tangent  was 
always  less  than  0.90,  and  the  impedance 
was  always  below  190  ohms.  The  difference 
was  actually  more  jironounced  than  these 
data  would  indicate,  since  in  only  four  out  of 
forty-one  measurements  did  the  jihase-angle 
tangent  overlap  normal  values,  and  only  in 
these  four  cases  was  the  imiiedance  higher 
than  150  ohms.  The  average  patient  values 
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were:  phase-angle  tangent  0.50  and  imped¬ 
ance  90  ohms. 

In  seven  cases  Gougerot  studied  unin¬ 
volved  and  involved  skin  in  the  same  per¬ 
son,  and  in  all  of  them  the  tangent  of  the 
phase  angle  was  twice  to  four  times  greater 
in  normal  than  in  diseased  skin. 

Registering  the  electrical  behavior  of  the 
“eczematous”  skin  lesions  during  the  heal¬ 
ing  process,  Gougerot  was  able  to  dis¬ 
tinguish  two  different  types:  there  was 
either  a  gradual  return  to  normal  values,  or, 
in  spite  of  obvious  clinical  improvement  up 
to  almost  complete  cure,  the  low  values 
persisted.  In  eczematous  lesions  he  noted  a 
most  unusual  constancy  of  the  phase  angle 
with  changing  frequency  of  the  alternating 
current  in  the  range  of  200-750  frequencies. 
This  abnormal  behavior  did  not  revert  to 
normal  when  the  skin  lesion  healed.  In  some 
cases  the  normal-appearing  skin  surround¬ 
ing  the  eczematous  patches  also  yielded 
pathologically  flat  phase-angle-tangent/fre¬ 
quency  curves. 

In  contrast  to  eczematous  skin  lesions, 
the  healed  skin  at  the  site  of  previous  lupus 
vulgaris  lesions  showed  in  four  out  of  five 
cases  phase-angle  curves  and  resistance 
values  far  above  normal.  In  psoriasis  the 
involved  skin  yielded  normal  values  when 
the  lesions  were  dry,  but  low  values  over 
exudative  lesions.  However,  the  uninvolved 
skin  of  psoriatic  patients  yielded  throughout 
abnormally  high  values — an  entirely  new 
and  unexpected  feature  of  the  constitution¬ 
ally  different  nature  of  the  skin  in  psoriasis. 

The  short  case  histories  of  Gougerot  sug¬ 
gest  that  the  majority  of  his  “eczema”  cases 
corresponded  with  what  is  known  as  atopic 
dermatitis  or  exudative  neurodermalitis  in 
American  terminology.  Gougerot  emjiha- 
sized  the  fact  that  with  clinical  improve¬ 
ment  there  is  no  corresponding  reversal  in 
electrical  behavdor  in  these  cases. 


The  abnormalities  in  active  exudative 
lesions  could  be  expected.  I  hey  could  be 
satisfactorily  explained  by  spongiosis,  which 
implies  that  there  are  “actual  holes  in  the 
epidermis,  a  state  which  H.  Gougerot  called 
a  “state  of  porosity,”  which  obviously  de¬ 
stroys  epidermal  resistance  altogether.  How¬ 
ever,  it  was  not  to  be  expected  that  ab¬ 
normalities  would  be  found  in  healed  lesions 
with  normal  appearance  or  in  the  areas  sur¬ 
rounding  active  lesions.  In  the  opinion  of 
Gougerot,  low  values  in  apparently  normal 
skin  have  a  pathogenetic  and  prognostic 
significance.  He  believes  that  in  “eczema” 
the  increased  permeability  of  the  epidermis, 
as  manifested  in  low  phase  angle  and  low 
impedance  values,  is  an  element  of  the 
“eczematous  terrain”  or,  in  other  words,  a 
constitutional  trait  of  the  skin  in  this 
disease. 

The  significance  of  these  findings  for  in¬ 
vestigational  work  in  the  field  of  psoriasis 
and  atopic  dermatitis  is  obvious.  Itcertainly 
would  be  desirable  to  have  Gougerot’s  d^a 
duplicated  on  a  large  number  of  patients, 
with  particular  emphasis  on  the  uninvolved 
skin  in  psoriasis  and  in  spongiotic  dermati- 
tides.  Possibly  in  these  two  groups  of  pa¬ 
tients  there  is  a  constitutionally  abnormal 
skin,  the  permeability  of  the  epidermis  being 
abnormally  low  in  psoriasis  and  abnormally 
high  in  exudative  neurodermatitis.  In  the 
latter  disease  the  “fragility”  of  the  epi¬ 
dermis  an  unusually  easy  breakdown  in 
response  to  mild  injury — has  been  noted  by 
clinicians  many  times. 

One  should  remember  that,  according  to 
Gerstner  (2/),  the  level  of  skin  impedance 
is  a  characteristic  individual  trait.  It  is 
])ossible  that  exudative  neurodermatitis 
patients  are  recruited  among  individuals 
with  genetically  subnormal  impedance, 
while  psoriasis  develops  in  individuals  with 
genetically  high  impedance. 


IV.  THi:  PSYCHC 

.  “psychogalvanic  reflex”  is  ob¬ 

jectionable  because  the  same  reflex  impulse 
can  )e  elicited  after  elimination  of  the 
cerebral  cortex  {«),  73).  The  name  “galvanic 


iALVANIC  REFLEX 

skin  response”  or  “galvanic  skin  reaction” 
has  been  suggested  instead.  However,  there 
are  two  galvanic  skin  resjionses,  one  dqiend- 
ing  on  sweat-gland  activity  (the  jisycho- 
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galvanic  reflex)  and  one  independent  of 
glandular  function  (the  local  galvanic  re¬ 
action  of  Ebbecke)  (]>.  21).  Therefore,  in 
this  section,  for  clarity’s  sake,  the  term 
“psychogalvanic  reflex”  is  retained. 

In  1890  Tarchanoff  (74)  reported  on  the 
following  observation:  on  connecting  two 
skin  areas  in  man  by  means  of  nonpolarizing 
electrodes,  interposing  a  sensitive  galvanom¬ 
eter,  and  stimulating  the  subject  by  touch, 
light,  or  auditory  stimuli  or  by  eliciting 
mental  effort  or  emotions,  the  galvanometer 
registered  a  current.  The  current  was  par¬ 
ticularly  marked  if  one  of  the  electrodes 
was  attached  to  the  palm,  sole,  or  axilla.  Its 
direction  was  always  such  that  the  area  with 
greater  sweat-gland  suj)ply  became  electro¬ 
negative. 

The  arrangement  of  Tarchanoff  was 
modified  by  Muller  and  by  Veraguth  (75)  in 
1904  by  interposing  a  galvanic  element  into 
the  circuit.  When  a  direct  current  flowed 
through  the  body,  stimulation  of  sense 
organs  or  psychic  stimuli  caused  a  great 
increase  in  the  intensity  of  the  exosomatic 
current.  Veraguth  coined  the  name  “i^sy- 
chogalvanic  reflex.”^ 

It  was  shown  first  by  Clildemeister  (29) 
that  in  this  reaction  the  true  ohmic  re¬ 
sistance  does  not  change  but  that  there  is  an 
increase  in  electromotive  force  because  of  a 
decrease  in  })olarization  currents.  It  is  a  gen¬ 
eral  biological  rule  that  the  resting  cells 
have  a  high  polarizing  capacity  and  that,  on 
stimulation,  this  decreases  because  of  in¬ 
creased  permeability  of  their  membranes. 

It  was  recognized  early  that  sweat-gland 
activity  is  essential  for  this  reaction.  The 

supposition  that  smooth-muscle  contraction 

j)lays  a  role  in  it  has  been  abandoned,  and 
I)articipation  of  vasomotor  impulses  has 
never  been  satisfactorily  evidenced  (47). 
The  reaction  is  abolished  by  j)eripheral 
nerve  section  or  by  sympathetic  ganglion- 
ectomy  (62),  an  indication  that  the  efferent 
I)art  of  the  reflex  is  carried  in  sym])athetic 
fibers.  This  alone,  of  course,  would  not  ex¬ 
clude  sympathetic  vasoconstrictor  impulses. 

3.  For  modern  methodology,  apparatus,  etc.,  see 
references  35,  77,  72. 


However,  Harrow  (13,  14),  who  simultane¬ 
ously  recorded  galvanic  skin  response, 
I)lethysmographic  changes,  blood  pressure, 
and  accumulation  of  moisture  on  the  skin 
surface,  showed  conclusively  that  changes  in 
volume  attributable  to  vasomotor  responses 
were  not  related  in  any  way  to  the  oc¬ 
currence  or  amplitude  of  the  galvanic  skin 
response.'^  Moreover,  the  great  majority  of 
investigators  found  that  atropinization  abol¬ 
ishes  the  reaction,  a  finding  which  at  least 
strongly  suggests  the  primary  role  of  sweat 
glands.  It  must  be  kept  in  mind  that  atro- 
])ine  has  some  vasomotor  effects.  The  static 
resistance  of  the  skin  is  influenced  by  atro- 
j)ine  (p.  13),  and  the  psychogalvanic  skin 
response  is  greater,  the  higher  the  static 
resistance.  However,  no  reservation  needs  to 
be  made  in  the  evaluation  of  Wagner’s 
observation  (76).  He  found  that  the  gal¬ 
vanic  skin  response  could  not  be  elicited  in 
persons  with  congenital  absence  of  eccrine 
sweat  glands. 

Certainly,  the  fact  that  the  response  to 
psychic  stimuli  can  be  elicited  consistently 
only  from  palms  and  soles  and  that  these 
areas  give  reactions  of  greatest  amplitude 
again  points  to  the  decisive  role  of  sweat 
glands,  because  the  sweat  nerves  of  these 
areas  are  known  to  be  most  responsive  to 
psychic  stimulation. 

In  chapter  6  (p.  177)  a  detailed  account 
is  given  of  observ'ations  indicating  that 
sweat  glands  of  ])alms  and  soles  are  more 
conditioned  to  respond  to  sensory  and 
mental  stimuli  than  to  thermal  stimulation 
and,  conversely,  that  sweat  glands  of  head, 
trunk,  and  extremities  (except  palms  and 
soles)  are  primarily  conditioned  to  respond 
to  thermal  stimuli,  axillary  eccrine  glands 
taking  an  intermediate  position.'’  While 
these  differences  are  indeed  easily  demon- 

4.  Recently  presented  data  indicate  that  the 
resistance  resjronse  can  he  al)olished  by  complete 
exsanguination.  It  was  concluded  that  the  response 
has  a  vascular  component  (32). 

5.  That  sweating  in  the  axilla  in  response  to 
mental  stimuli  is  not  a  function  of  apocrine  glanc  s 
is  concluded  from  the  observation  that  there  is 
emotional  sweating  in  the  iierimammillary  areas. 
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strable  (42,  58),  there  is  no  evidence  what¬ 
soever  that  palmar  and  plantar  sweat  glands 
respond  only  to  sensory  and  mental  stimuli 
and  other  sweat  glands  only  to  heat  stimuli. 
Following  exercise,  for  instance,  the  elec¬ 
trical  resistance  of  the  palms  decreases  con¬ 
siderably  (9),  and,  on  the  other  hand, 
startling  stimuli  easily  elicit  “cold  sweat” 
all  over  the  body  surface  (p.  174). 

The  differences  in  responses  of  palms 
and  soles  as  compared  with  those  of  other 
areas  were  studied  in  great  detail  by  Dar- 
row  (20)  and  by  Richter  (58).  The  latter 
sj)ecifically  compared  reactions  obtained 
from  palms  and  dorsa  of  hands,  varying 
heat  and  emotional  stimuli  and  examining 
responses  in  persons  awake  and  asleep.  He 
found  that,  whereas  the  palms  always  re¬ 
sponded  to  mental  stimulation  with  in¬ 
creased  sweat-gland  activity,  the  responses 
from  the  dorsum  of  the  hand  were  not  regu¬ 
lar  and  not  clearly  due  to  sweat-gland  activ¬ 
ity.  Still,  the  dorsum  of  the  hand  responded 
to  atropine  and  to  a  warm  bath  in  just  the 
way  one  would  j)redict  if  sweat  glands  were 
the  basis  of  the  response.  Yet  it  appeared 
that  responses  on  the  dorsa  of  hands  have  a 
different  mechanism  or,  at  least,  that,  in 
addition  to  sweat-gland  activity,  there  must 
be  some  other  factor.  Richter  has  found  that 
after  denervation  of  the  upper  extremity  in 
monkeys  the  palm  acquires  a  high  resistance 
and  does  not  give  any  galvanic  response, 
while  the  dorsum  of  the  hand  shows  little 
postoperative  change.  Richter  (56,  57,  59, 
61)  also  observed  that  the  palmar  resistance 
rises  in  sleep,  while  in  other  places  the  re¬ 
sistance  decreases,  and  that  the  palmar 
sweat  glands  do  not  take  an  a})j)reciable  part 
in  thermoregulatory  sweating.*'’ 

From  a  review  of  the  vast  literature  of  the 


6.  Palmar  resistance  has  l)cen  used  as  a  criterion 
of  depth  of  sleep.  The  resistance  reaches  its  peak  at 
the  end  of  the  third  quarter  of  the  night’s  sleep.  At 
the  same  time  the  heart  rate  is  lowest.  If  acoustic 
stimuli,  blood  iiressure,  or  minimum  body  tempera- 

numr?  *'eplh  of  sleep;  the  maxi¬ 

mum  ^dcpih  IS  found  to  occur  earlier  during  the 

[Chicayn  '^’^kefulness 

IChicago:  University  of  Chicago  Press,  19^)]  pp 


j)sychogalv'anic  rctlex  one  can  conclude  that 
on  palms  and  soles  the  functional  state  of 
sweat  glands  contributes  most  to  the  total 
galvanic  pseudo-resistance  and,  therefore, 
that  the  changes  in  this  functional  state  are 
the  most  prevalent  factors.  In  other  parts 
the  resistance  deriving  from  epidermal 
polarization  is  predominant,  and  the  differ¬ 
ences  which  may  arise  from  the  presence  or 
absence  of  glandular  action  currents  is  less 
conspicuous  (p.  21).  One  may  speculate 
that  the  thickness  and  tighter  texture  of  the 
horny  layer  on  palms  and  soles  may  have 
something  to  do  with  the  relative  insig¬ 
nificance  of  epidermal  resistance.  The  cur¬ 
rent  through  the  electrode  fluid  possibly 
does  not  reach  the  polarizing  membrane  of 
the  epidermis  so  easily  on  palms  and  soles 
as  it  does  elsewhere,  but  reaches  the  sweat 
glands  easily  through  the  ducts.  The  rela¬ 
tively  low  static  resistance  of  palms  (38,  64) 
can  be  interpreted  in  this  way.  The  axillae, 
the  central  parts  of  the  face,  and  the  cubital 
fossae  also  have  relatively  low  resistance 
(63,  64);  and  Richter  believes  that  this  is 
due  to  relatively  rich  sweat-gland  supply. 
Richter  (58)  suggested  a  long  time  ago  that 
in  nonpalmar  and  nonplantar  regions  the 
skin  resistance  depends  entirely  on  the 
condition  of  epidermal  cells  and  responds 
mainly  to  local  stimuli  (p.  21). 

The  decrease  in  resistance  in  the  psycho¬ 
galvanic  reflex  does  not  depend  on  secretion 
of  fluid  by  the  sweat  glands  but  is  caused 
primarily  by  an  increase  in  the  membrane 
permeability  of  the  secretory  cells,  whereby 
polarization  currents  decrease.  The  filling 
of  the  ducts  and  the  imbibition  of  sweat  by 
the  horny  layer,  causing  a  well-conducting 
electrolyte  solution,  certainly  decreases  skin 
resistance.  But  it  was  shown  in  ingenious 
e.xperiments  by  Harrow  (17,  18)  that  the 
psychogalvanic  reflex  does  not  depend  on 
the  actual  moisture  found  in  or  on  the  skin. 
Although  Uiere  is  a  direct  relationship  be¬ 
tween  resistance  change  and  amount  of 
perspiration  (19,  25),  this  relation  is  not 
consistent.  At  high  resistance  levels,  re¬ 
sponses  of  large  ami)litude  are  obtained  with 
minimal  perspiration,  and  at  low  resistance 
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levels  responses  of  small  amplitude  occur 
with  considerable  perspiration.  The  reac¬ 
tion  can  be  elicited  on  profusely  sweating 
moist  areas  (33),  indicating  that  even  a 
hyperactive  gland  might  be  further  stimu¬ 
lated.  Richter  (62)  stated  that  the  “fully 
activated”  sweat  glands  of  some  persons 
produce  very  little  or  no  sweat,  while  those 
of  others  produce  large  amounts  even  when 
only  partially  activated.  Finally,  Darrow 
(16)  demonstrated  that  electrical  changes 
precede  the  secretion  of  sweat  by  about  1 
second.  Obviously,  the  psychogalvanic  reflex 
is  analogous  to  other  action  currents  (31). 

Darrow  (15)  developed  the  ingenious  idea 
that  the  sweating  reaction  of  palms  repre¬ 
sents  a  preparatory  and  facilitative  reflex 
to  assist  in  grasping  responses  and  to  in¬ 
crease  tactile  sensitivity  in  the  face  of  a 
threatening  situation.  He  differentiated 
startling  sensory  stimulations  from  stimuli 
with  disturbing  ideational  content  and 
found  that,  for  the  first  type,  the  galvanic 
response  and,  for  the  second  type,  blood- 
pressure  responses,  are  more  characteristic. 

Mammals,  except  man  and  some  apes, 
have  eccrine  glands  exclusively  on  the 
palmo-plantar  surfaces  (p.  180).  In  the  light 
of  Harrow’s  theory,  it  seems  that  eccrine 
glands  in  their  phylogenetic  first  appearance 
had  nothing  to  do  with  thermoregulatory 
functions  but  were  created  for  an  entirely 
different  purpose. 

As  mentioned  initially,  the  term  “psycho¬ 
galvanic  reflex”  has  become  obsolete,  since 
it  can  be  elicited  after  connections  with  the 
cortex  have  been  severed.  Richter  (60)  was 
able  to  obtain  the  reaction  in  all  extremities 
after  mid-thoracic  spinal  transection  in  cats. 
After  removal  of  the  cortical  center  of  sweat¬ 
ing  in  the  premotor  area  (p.  173),  Schwartz 
(73)  could  not  elicit  the  reflex  by  “psychic” 
stimuli  but  obtained  it  in  full  strength  on 
nociceptive  stimulation.  Obviously,  the 
situation  is  as  in  long  reflex  sweating  in  gen¬ 
eral  (p.  173):  sweating  has  a  cortical  repre¬ 
sentation,  and  therefore  afferent  sensory 


impulses  may  act  by  reaching  this  center 
and  then  being  switched  from  there  to 
autonomic  sweating  pathways;  however,  the 
same  sensory  impulses  may  also  be  relayed 
to  sympathetic  jiathways  in  lower  centers, 
and  the  end-result  will  be  the  same. 

For  the  dermatologist  the  literature  on 
the  fisychogalvanic  reflex  is  most  instructive 
because  it  illustrates  how  sensitive  certain 
nerve  pathways  of  sweat  secretion  are  to 
minute  psychic  stimuli.^  This  fact  may  help 
the  understanding  not  only  of  purely  func¬ 
tional  hyperidrosis  but  also  of  “emotional” 
influences  on  somatic  skin  diseases  which 
are  aggravated  by  increased  sweat  secretion. 
Recently  much  attention  has  been  paid  to 
this  type  of  aggravation,  and  it  was  pointed 
out  that  the  harmful  effect  on  inflammatory 
skin  diseases  is  particularly  pronounced 
when  the  sweat  cannot  evaporate  freely  be¬ 
cause  of  closure  of  the  sweat-gland  pores 
(chap.  11,  pp.  270  ff.). 

It  should  be  emphasized  that  psychic 
stimuli  which  elicit  the  psychogalvanic  re¬ 
flex  do  not  necessarily  have  any  “emotional” 
connotation  in  the  colloquial  sense  of  the 
word.  Emotionally  indifferent  mental  ef¬ 
fort,  such  as  an  attempt  to  solve  simple 
arithmetical  tasks  (42),  suffices  to  elicit 
increased  palmar  sweating.  Duffy  and  Lacey 
(23)  enumerate  the  following  mental  states 
as  being  equally  effective:  increased  atten¬ 
tion,  startle  or  tension,  sudden  checks  in 
comprehension  and  solution  of  problems, 
heightened  consciousness,  conation,  states 
of  anxiety,  anticipation,  alertness,  and  ap¬ 
prehension.  Certainly,  no  specificity  of  the 
psychic  stumulus  can  be  recognized  (47). 
Furthermore,  it  should  be  stated  that  the 
effect  on  skin  diseases  is  the  same  whether 
the  increased  sweat  secretion  is  elicited 
psychically,  thermally,  pharmacologically, 
or  otherwise.  The  counteracting  effect  of 
parasympathicolytic  drugs  is  also  the  same 
in  either  case. 

7.  How  sensitive  the  reaction  is,  is  best  illus¬ 
trated  by  its  use  in  hearing  tests  (10). 
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V.  THE  LOCAL  GALVANIC  SKIN  REACTION  OF  EBBECKE  (24) 


On  local  stimulation  of  the  skin  by  mod¬ 
erately  intense  mechanical,  thermal,  and 
electrical  stimulation,  a  marked  and  re¬ 
versible  decrease  of  the  pseudo-resistance  of 
the  skin  is  observed.  This  reaction  lasts 
about  40  seconds.  It  is  independent  of 
nervous  impulses  and  of  glandular  activity 
and  thus  entirely  different  in  its  nature  from 
the  psychogalvanic  reflex.  Also  it  is  inde¬ 
pendent  of  changes  in  blood  flow.  The 
electrical  change  is  strictly  limited  to  the 
area  of  stimulation.  The  rapid  subsidence  of 
the  reaction  indicates  that  it  is  not  caused 
by  some  gross  injury  the  healing  of  which 
would  require  some  time. 

Ebbecke  interpreted  the  phenomenon  as 
a  vital  reaction  of  epithelial  cells  connected 
with  depolarization  of  their  membranes.  He 
found  that  the  reaction  was  abolished  by 
“paralyzing”  the  epidermis  with  chloro¬ 
form,  obviously  because  the  treatment  with 
chloroform,  by  damaging  cell  membranes 


(p.  49),  in  itself  causes  complete  depolar¬ 
ization. 

In  contrast  to  Ebbecke  (24),  Lewis  and 
Zotterman  (43)  interpreted  the  phenomenon 
as  being  due  to  chafing  of  the  horny  layer. 
Rein  (55)  stated,  however,  that  if  actually 
only  the  horny  layer  is  removed,  the  reac¬ 
tion  can  still  be  elicited.  He  emphasized  that 
the  horny  layer,  as  a  grossly  porous  mem¬ 
brane,  cannot  play  any  role  in  electrical 
reactions  which  are  based  on  depolarization, 
and  therefore  the  site  of  the  reaction  must 
be  within  the  living  epidermis. 

Like  the  psychogalvanic  reaction,  this 
local  reaction,  too,  comes  about  by  develop¬ 
ment  of  a  current  within  the  tissues.  But  the 
different  nature  of  the  latter  was  proved 
beyond  doubt  by  the  following  observations: 
(1)  m  the  local  reaction  the  stimulated  area 
becomes  electropositive  in  relation  to  the 
nonstimulated  environment,  whereas  in  the 
psychogalvanic  reflex  the  sweat  glands  ac¬ 
quire  a  negative  charge;  (2)  the  countercur¬ 
rent  in  the  tissue  following  local  stimulation 
can  be  well  demonstrated  after  atrojiiniza- 


tion;  (3)  the  psychogalvanic  reflex  can  be 
elicited  as  a  superimposed  reaction  from 
the  locally  stimulated  area. 

Rein  (55)  showed  that  the  reversible 
positive  charge  can  be  elicited  by  extremely 
mild  stimulation,  such  as  touch  or  mild 
pressure.  Figure  2  illustrates  his  experiment, 
in  which  he  applied  20  gm/sq  mm  pressure 
on  the  skin  and  measured  the  electromotive 
force  of  the  countercurrent.  On  repetition 

-1- 


Fig.  2  Ebbecke’s  local  galvanic  reaction  on 
torearm  skin.  Pressure  stimulus  {“Druck!”)  20  gm/ 
mm  both  times.  N  KCl  electrode.  Neutral  electrode 
on  scarified  skin.  Time  signals  =  10  sec.  From  Rein 
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oi  the  same  stimulus,  the  same  response  was 
again  elicited.  Therefore,  Rein  concluded 
that  physical  factors,  such  as  the  squeezing- 
out  of  fluid  through  the  pores,  cannot  play 
any  role  in  the  reaction.  Interplay  of  such 
factors  would  not  be  compatible  with  the 
perfectly  reversible  and  reproducible  course 
of  the  reaction.  For  contrast  purposes, 
Rem  s  Illustration  of  a  psychogalvanic  re- 
ponse  IS  also  reproduced  here  (Fig.  3). 

Mild  heat  also  elicits  the  local  galvanic 
response  (55).  ^ 

Peculiarly,  stimulation  of  human  skin 
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with  ultraviolet  rays  does  not  provoke  this 
reaction.  Prior  to  the  development  of  solar 
erythema,  there  is  some  increase  in  the 
pseudo-resistance.  At  the  height  of  the 
erythema  the  resistance  is  lowered  (51).  The 
low  pseudo-resistance  at  the  height  of  in¬ 
flammation  is  obviously  due  to  gross  epi¬ 
dermal  damage,  with  more  or  less  comidete 
depolarization.  After  the  erythema  has  sub¬ 
sided,  the  pseudo-resistance  reaches  un¬ 
usually  high  values  and  stays  at  such  high 
levels  for  about  20  days  (40).  At  that  time 
nothing  can  be  seen  on  the  skin  except 


inllammatory  increase  in  electrical  resist¬ 
ance  coincides  with  a  period  of  increased 
resistance  to  chemical  stimuli  and  to  re¬ 
peated  ultraviolet  irradiations. 

Yet  this  problem  cannot  be  regarded  as 
settled.  Ultraviolet  irradiation  is  followed  by 
measurable  thickening  of  the  horny  layer 
(48),  and  there  is  reason  to  believe  that  this 
thickened  horny  layer  is  less  “j)orous”  than 
the  normal  stratum  corneum,  because  of  the 
“suj)erkeratinization”  i)henomenon  fp.378) 
W'hile  satisfactory  evidence  was  presented 
that  the  normal  horny  layer  does  not  inter- 


FiG  3.— Psychogalvanic  reflex  as  a  variation  of  ground  potential.  Taken  from  the  raclial  surface  of  right 
!  '  •it.  M  KTl  electrode  free  of  pressure,  according  to  P.  Keller.  Neutral  electrode  on  scanhed  sk  . 

inals  -  .0  sec.  I-rom  Rein  (Repr„luced  b.  porn.,ss,o„ 

of  Springer- Verlag.) 


minimal  faint  pigmentation.  This  postir¬ 
radiation,  posterythema  effect  was  inter- 
j)reted  by  Rost  and  Keller  (69)  as  an  ex¬ 
pression  of  decreased  cell  membrane  per¬ 
meability  (or  membrane  “densification”) 
and  subsequent  increased  polarization  in  the 
epidermis.  They  pointed  out  that  a  i)ost- 


fere  with  electrical  phenomena,  evidence  is 
lacking  concerning  a  horny  layer  which  is 
not  only  thicker  but  also  denser  than 
normal.  Such  a  horny  layer  may  be  re¬ 
sponsible  for  increased  resistance  to  chem¬ 
ical,  thermal,  and  actinic  stimuli,  as  well  as 
for  an  altered  electrical  behavior. 
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AMONG  all  aspects  of  the  physiology  of  the 
J\.  skin,  percutaneous  absorption  has  by 
far  the  most  extensive  literature,  obviously 
because  of  its  widespread  implications  in 
different  branches  of  medicine,  such  as 
I)hysiology,  i)harmacology,  toxicology,  in¬ 


dustrial  hygiene,  balneology,  topical  and 
systemic  therapeutics,  and  forensic  medi¬ 
cine.  Relatively  recent  review  articles  (20, 
123,  22,  161)  published  in  the  last  twelve 
years  give  us  a  fair  j)icture  of  our  j)resent 
knowledge  in  this  held. 


I.  TERMINOLOGY 


“l^ercutaneous  absorption”  can  be  de- 
hned  as  the  penetration  of  substances  from 
the  outside  into  the  skin  and  through  the 
skin  into  the  blood  stream.  Laug  et  al.  (22) 
discussed  the  terminology  of  this  process 
and  came  to  the  conclusion  that  neither  of 
the  usual  terms  is  satisfactory:  “permeabil¬ 
ity”  connotes  to  some  readers  a  process  of 
purely  physical  transfer;  “absorption”  con¬ 
veys  the  sense  of  cellular  activity;  and 
“penetration”  has  the  emphasis  on  the  sub¬ 
stance  and  on  its  intrinsic  properties  which 
enable  it  to  enter  or  overcome  a  barrier,  no 
matter  whether  this  barrier  is  a  living  or  a 
dead  membrane. 

Admittedly,  we  should  know  more  about 
the  role  of  physiological  forces  as  contrasted 
with  the  physical  properties  of  the  skin  in 
regulating  absorption  than  we  actually  do. 
But  even  if  we  knew  more,  it  would  be  diffi¬ 
cult  to  give  j)reference  to  any  of  these  terms. 


The  term  “permeability,”  as  it  is  used  in 
capillary  physiology,  for  instance,  includes 
physiological  changes  of  the  membrane, 
and,  conversely,  “absorption”  depends  on 
the  physical  properties  of  the  membrane  and 
does  not  necessarily  imply  cellular  activity. 

The  word  “percutaneous”  indicates  that 
transfer  takes  place  through  the  whole  thick¬ 
ness  of  the  skin,  and  thus  it  differentiates 
our  topic  from  “absorpt^n  within  the  skin” 
as  it  is  dealt  with  in  tfie  huge  literature  of 
the  Aldrich-McClure  test  (122).  The  latter 
deals  e.xclusively  with  the  disappearance 
from  the  skin  of  substances  that  have  been 
deposited  in  the  corium,  preferably  by  intra- 
dermal  injections.  Absorption  from  this  site 
depends  on  the  state  of  the  corium,  mainly 
of  the  ground  substance  (chap.  18),  blood, 
and  lymph  vessels,  whereas  in  percutaneous 
absorption  the  state  of  the  epidermis  and  pi- 
losebaceous  apparatus  is  the  decisive  factor. 


II.  HISTORICAL  (122,  22) 


Up  to  Fleischer’s  work  in  1877,  the  view 
prevailed  that  human  skin  is  permeable  only 
to  volatile  substances  and  gases.  Fleischer 
concluded  from  his  own  experiments  and 
from  a  critical  apj)raisal  of  older  observa¬ 
tions  that  human  skin  and  skin  of  other 
mammals  was  absolutely  impermeable  to 
all  substances,  even  to  gases.  Systematic 


experimentation  set  in  at  the  turn  of  the 
century,  mainly  through  the  work  of 
Schwenkenbecher  (130).  His  experiments 
revealed  that  the  skin  is  permeable  to  sub¬ 
stances  which  are  soluble  in  lipids  and  to 
substances  in  the  gaseous  state  but  is  i)rac- 
tically  impermeable  to  water  and  electro¬ 
lytes. 


III.  IHEORIES  OF  TR.\NSEITDERM.\L  .VBSORPTION 


A.  MEMBRANE  THEORY 
In  the  previous  chapter  (pp.  10  ff.)  the 
work  of  H.  Rein  was  dealt  with  in  detail. 
This  author  concluded  that  electrolytes  can¬ 
not  j)ass  through  a  single  layer  between 
cornihed  and  noncornified  epidermis  (“stra¬ 


tum  lucidum”),  because  this  layer  is  im¬ 
permeable  to  anions.  Cations,  if  differences 
in  concentration  require,  tend  to  move  in¬ 
ward  across  the  membrane  but  will  be  held 
by  electrostatic  forces.  Thereupon,  an  elec¬ 
trical  double  layer  develops,  which  is  the 
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site  of  an  electromotive  force.  It  has  been 
I)ointed  out  (122)  that  under  natural  condi¬ 
tions  this  double  layer,  situated  between  the 
strongly  acid  stratum  corneum  and  the 
mildly  alkaline  Malpighian  layer,  has  posi¬ 
tive  hydrogen  ions  on  one  side  and  negative 


The  theory  of  jwres  in  the  cell  membrane 
(j).  10)  explains  most  satisfactorily  how  a 
membrane  can  be  impermeable  to  either 
cations  or  anions.  Membranes  with  ex¬ 
tremely  fine  pores  selectively  absorb  either 
cations  or  anions,  depending  on  their  electric 


ir,r  1  —Scheme  of  cross-section  of  human  skin.  .1 ,  e|)i<lermia;  K,  dermis;  C,  subdermis;  <i,  horny  layer; 
6,  stratum  lucidum;  c,  granular  layer;  d-e 

-Pr  ?rSit^ 

of  hair'  follic'le).  i.-r;m  Rmhman  ,122).  (Dinghy  KeillU. 
Chromolith .  Urban  &  Sch warzenberg,  Vienna.  Reproduced  by  permission  of  Springer-V  g.) 


hydroxyl  ions  on  the  other.  According  to 
Rein,  the  horny  layer  cannot  be  regarded  as 
a  “membrane”  because  it  represents  a  rather 
porous,  coarse  network  of  horny  fibers  and  is 
easily  penetrated  not  only  by  ions  but  also 
by  large  molecules  and  molecule  aggregates, 
the  membrane  must  be  situated  below  the 

horny  layer. 


charge,  and  therefore  these  “ion-sieves”  are 
impermeable  to  electrolytes.  Tiny  canals  in 
the  cell  surface  may  corresiwnd  with  such 
pores.  Transitional  layers  of  the  skin  adsorb 
anions  (e.g.,  C\-),  whereas  cations  (e.g., 
Na+,  K+,  etc.)  may  wander  a  short 

distance. 

Rein’s  identification  of  the  barrier  as  be- 
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ing  located  in  the  stratum  luciclum  lias  led 
to  some  misunderstanding  (17)  (see  also 
p.  12).  Microscopically,  the  stratum  luci- 
dum  cannot  be  seen  with  sufficient  clarity 
except  in  the  skin  of  palms  and  soles,  and 
there  is  some  question  whether  it  is  demon¬ 
strable  at  all  in  other  parts  (Fig.  1).  There¬ 
fore,  it  was  proposed  (122)  that  the  “transi¬ 
tional  layers  between  cornified  and  non¬ 
corn  ified  epidermis”  should  be  regarded  as 
the  site  of  impermeability  for  electrolytes, 
without  specifying  as  to  whether  this  is  the 
stratum  granulosum,  the  stratum  lucidum, 
or  even  includes  the  “infrabasal  horny 
layer”  (see  p.  32). 

The  same  transitional  layers  have  been 
regarded  as  barriers  to  the  penetration  of 
water.  The  hypothesis  was  advanced  (122) 
that  the  hydrogen-ion  concentration  of  the 
proteins  in  these  layers  is  at  the  isoelectric 
point  and  therefore  that  these  proteins  are 
unable  to  swell  in  water.  This  would  imply 
impermeability  to  water.  It  was  pointed  out 
(122)  that  the  skin  of  the  frog,  which  has 
no  transitional  layers,  is  freely  permeable  to 
water.  In  Amphibia,  swelling  of  the  whole 
skin  can  be  observed  when,  for  instance, 
water  is  taken  up  percutaneously  by  de¬ 
hydrated  frogs  (122).  In  mammals  only  the 
horny  layer  swells  perceptibly. 


B.  LIPID  THEORY 

The  lijiid  theory  of  Meyer  and  Overton 
(111)  postulates  that  the  cell  membrane 
consists  of  lipids,  because  only  lipid-soluble 
substances  may  penetrate  into  the  cell  and 
their  penetration  depends  on  the  degree  of 
their  solubility  in  lipids.  This  theory  was 
based  mainly  on  the  easy  absorption  of  al¬ 
cohols,  aldehydes,  ketones,  and  lipid-soluble 
narcotics.  However,  many  exceptions  to 
this  rule  were  found,  and  a  mosaic  theory 
was  presented  (108),  describing  the  cell 
membrane  as  a  mosaic  of  lipid  and  protein 
particles.  According  to  this  theory,  the  pro¬ 
teins  may  take  up  water,  and  the  swollen 
membrane  with  higher  water  content  may 
become  permeable  to  water-soluble  sub¬ 
stances.  The  mosaic  theory  did  not  explain 
all  the  facts  either,  especially  since  no  evi¬ 
dence  could  be  presented  that  membranes  of 
normal  epidermal  cells  are  able  to  swell  in 
water  as  long  as  physiological  conditions 
prevail.  However,  it  seems  to  be  true  that 
the  ratio  of  the  solubilities  in  water  and  in 
lipids,  as  originally  postulated  in  the  Meyer- 
Overton  theory,  is  actually  important  for 
the  absorjition  of  substances  through  the 
skin.  The  lipid  theory  was  critically  re¬ 
viewed  by  M.  M.  Jacobs  (70),  who  ampli- 
hed  it  by  relating  the  solubility  in  lipids  to 
the  nonpolar  structure  of  organic  molecules. 


IV.  TR.\NSEPIDERMAL  ABSORPTION  BEYOND  THE 
SUPERFICIAL  BARRIER 


Nothing  is  known  about  absorption  with¬ 
in  the  Malpighian  layer  itself.  So  far,  histo- 
chemical  observations,  including  the  use  of 
isotopes  with  radiographic  technic,  indicate 
that,  once  a  substance  coming  from  the  out¬ 
side  has  passed  the  superficial  barrier,  the 
ejiidermal  cells  do  not  prevent  its  further 
penetration  throughout  the  epidermis.  This 
means  that  the  superficial  barrier  is  quite 
generally  less  iiermeable  than  the  cell  mem¬ 
branes  within  the  rete.  The  intercellular 
canal  system  does  not  seem  to  play  a  promi¬ 
nent  role  in  transporting  substances  down¬ 
ward  (122);  if  such  trans})ort  takes  jfiace, 
the  cells  are  diffusely  penetrated.  The  same 


picture  of  diffuse  jienetration  of  the  Mal¬ 
pighian  layer  is  obtained  when  material 
enters  the  epidermis  from  below  or  from  the 
side  after  breaking  through  the  follicular 
wall  or  through  the  basement  membrane  of 
the  sebaceous  gland,  as  is  observed  in  trans- 
folhcular  absorption  and  most  clearly  shown 
by  the  work  of  MacKee,  Sulzberger  Herr¬ 
mann,  and  Baer  (93)  (Fig.  2).  single 
exception  to  this  diffuse  penetration  was  re¬ 
ported  by  Moncorps  (107),  who  found  traces 
of  mercury  in  the  intercellular  spaces  of  the 
epidermis  after  inunction  with  ammoniated 
mercury  ointment. 

For  some  substances  there  might  be  a 
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Fig.  2. — Scht'matic  jirescntalion  of  probable 
routes  of  ])enelralion  and  the  distribution  of  tracer 
substances,  using  as  vehicles  mixtures  of  various  sol¬ 
vents,  interface  active  agents,  coupling  agents  and 
solubilizers.  .Vrrows  inrlicate  jirobable  routes  of  pene¬ 
tration  and  sjiread;  dotted  areas  indicate  dejiosit  of 
material.  From  MacKee  et  al.  (b3).  (Re])roduced  by 
|3ermission  of  the  Williams  &  Wilkins  Comjiany.) 
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harrier  al  the  ejiidermal-dermal  boundary. 
I'^erguson  and  Silver  (44),  using  a  chlorine- 
liberaling  oinlmenl,  found,  by  means  of  an 
orlhololidine  reagent,  free  clilorine  through¬ 
out  all  layers  of  the  e{>idermis  but  no  jiene- 
tration  into  the  corium  beyond  the  “base¬ 
ment  membrane.”  A  similar  jialtern  was 
found  by  Cullumbine  (29)  for  the  jienetra- 
tion  of  mustard  gas  into  the  skin  of  man  and 
guinea  pigs  (but  not  of  goat  and  rabbit).  If 
the  basement  membrane  is  actually  a  bar¬ 
rier,  it  may  ha])[)en  that  some  such  sub¬ 
stances  do  not  enter  the  pajtillary  cajhllaries, 
because  the  cajiillary  wall  is  clearly  beyond 
the  lower  surface  of  the  basement  mem¬ 
brane.  In  the  majority  of  cases  it  seems, 
however,  that,  once  a  substance  jiasses  the 
superficial  barrier  and  the  rele,  it  will  be 


Kki.  3.-Human  skin  exposed  for  15 

after  aiiplication.  Fixation  show  blood  vessels  which  have  accumulated  small 

micrograph)  and  in  the  ,  (d)r(Repro<luced  by  ,)ermission  of  the  .\mencan  .\ssocia- 

amounts  of  activity.  From  Axelrod  and  Hamilton  t  ).  t  1 
tion  of  Pathologists  and  Itactenologists.) 
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able  to  enter  the  circulation  through  the 
cai)illary  endothelium.  Thus,  for  instance, 
lewisite,  which  in  human  skin  is  fixed  almost 


e.xclusively  in  the  e{)idermis  and  in  follicles, 
can  still  be  demonstrated  in  blood  vessels 
in  small  amounts  (9)  (Fig.  3). 


V.  ROLE  OF  THE  LIPID  SURFACE  FILM 


The  surface  of  the  skin  is  covered  with  a 
wa.xy  layer  (p.  309),  whose  role  in  the  im¬ 
permeability  of  the  skin  to  water  and  elec¬ 
trolytes  has  been  overestimated.  It  is  true 
that  it  hinders  the  wetting  of  the  cornified 
surface  and  delays  the  penetration  of  water 
and  aqueous  solutions  into  the  horny  layer. 
But  the  wa.xy  film  is  miscible  with  water, 
because  it  contains  cholesterol,  cholesterol 
esters,  and  waxes,  which  are  good  emulsi¬ 
fiers.  Therefore,  after  prolonged  contact 
with  water,  i)articularly  with  warm  water, 
the  permeation  of  aqueous  solutions  be¬ 
comes  possible,  and  the  horny  layer  swells. 
If  wet  dressings  are  applied  to  the  skin  with 
a  water-impermeable  cover,  this  swelling  is 
grossly  seen,  the  horny  layer  showing  ab¬ 
normal  wrinkling  and  whitish  discoloration 
(“maceration”).  After  a  prolonged  warm 
bath  this  effect  is  well  seen  on  palms  and 


soles,  not  because  of  the  lack  of  a  waxy 
cover  but  because  of  the  greater  thickness  of 
the  horny  layer.  Of  course,  fat-soluble  ma¬ 
terials  may  be  retained  for  a  while  in  a  fatty 
layer  on  top  of  the  skin.  If  the  material  to 
be  absorbed  is  volatile,  considerably  smaller 
amounts  may  come  to  absorption  because  of 
the  temporary  retention  on  the  surface  and 
eva])oration  in  the  meanwhile.  Cullumbine 
(30)  showed  that  this  is  the  case  with  mus¬ 
tard  gas  when  the  skin  is  covered  with 
anhydrous  wool  fat.  Conversely,  the  vesi¬ 
cant  action  of  mustard  gas  may  be  increased 
if  the  skin  is  defatted  prior  to  its  application. 
This  was  achieved  with  xylol  but  not  with 
ether.  Laug  et  al.  (83),  studying  absorp¬ 
tion  of  mercury  from  ointments,  found 
that  washing  the  skin  with  soap  and  water 
prior  to  the  ointment  application  had  no 
effect. 


\’L  ROLE  OF  THE  HORNY  LAYER 


As  with  the  greasy  cover,  the  role  of  the 
horny  layer  has  been  misinterpreted  as  a 
barrier  to  percutaneous  absorption.  xAs  men¬ 
tioned  above,  this  layer  has  large  pores  and 
is  permeated  even  by  gross  molecule  ag¬ 
gregates.  It  is  true  that  some  material  may 
be  adsorbed  on  the  surface  of  the  horny 
fibers;  the  dyeing  of  wool  and  fur  is  based  on 
such  adsori)tive  processes.  But,  to  conclude 
from  staining  experiments,  such  adsorption 
in  the  horny  layer  is  very  limited,  the  sur¬ 
faces  become  saturated  after  the  u])take  of 
minute  amounts,  and  the  meshes  between 
the  fibers  are  filled  with  material. 

If  the  horny  layer  were  of  decisive  influ¬ 
ence,  one  would  e.xpect  decreased  absorp¬ 
tivity  when  the  horny  layer  is  thickened.  In 
ichthyosis  vulgaris,  however,  in  which  the 
skin  differs  from  normal  only  Ijy  a  thickened 
horny  layer,  the  percutaneous  absorj)tion 
was  found  to  be  normal  ( 1 10) .  The  situation 


may  be  different  in  the  case  of  qualitatively 
“superkeratinized”  material  (p.  378)  as  it 
occurs  in  corns  and  calluses.  No  e.xperi- 
mental  data  are  available  on  absorption 
through  such  pathological  lesions.  Still  it  is 
remarkable  that  nail  plates,  which  are  cer¬ 
tainly  “hyperkeratinized”  as  compared  with 
the  epidermal  horny  layer,  are  easily  per¬ 
meated  by  water  (18)  and,  in  my  e.xperience, 
also  by  water-soluble  anilin  dyes. 

It  is  not  quite  clear  whether  the  naturally 
thick  horny  layers  of  i)alms  and  soles  are 
penetrated  as  well  as  the  horny  layer  of 
other  parts.  Miescher  (98)  found  that  water- 
soluble  fluorescent  dyes  did  not  entirely 
penetrate  the  horny  layer  of  the  cat’s  paw: 
only  the  ui)j)er  loose  strata  were  diffusely 
stained;  nevertheless,  the  dye  could  be  seen 
in  the  depth  of  the  horny  layer  in  single  slit- 
ike  spaces.  Otherwise,  it  was  often  found 
that  there  is  less  absorption  through  palms 
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and  soles  than  through  other  parts  of  the 
surface.  However,  this  was  attributed  to  the 
absence  of  hair  follicles  rather  than  to  the 
thickness  of  the  horny  layer  (122). 

According  to  quite  a  few  histological 
data,  the  lowest  compact  i)art  of  the  horny 
layer  is  different  from  the  looser  strata 
above,  and  it  might  be  justifiable  to  con¬ 
sider  whether  it  should  not  be  included  in 
the  concept  of  “transitional  layers.”  Ac¬ 
cording  to  Unna  (152),  this  lowest  part  of 
the  stratum  corneum  has  a  thickness  of  5  to 
6  cell  layers  and  can  be  subdivided  into  (a) 
an  infrabasal  layer  containing  glycogen  and 
(b)  a  basal  horny  layer  containing  eleidin 
and  a  substance  oxidizable  by  osmic  acid. 
Even  outside  palms  and  soles,  the  lower  part 
of  the  horny  layer  sometimes  behaves  dif¬ 
ferently  from  the  upper  part.  MacKee  et  al. 
(93),  for  instance,  describe  the  barrier  in 
man  (see  p.  29)  as  including  “the  lowest 
portion  of  the  stratum  corneum  plus  the 
stratum  lucidum  and  stratum  granulosum.” 

It  is  generally  assumed  that  loosening  of 
the  horny  layer  by  so-called  “keratolytic 


agents”  facilitates  penetration.  Salicylic 
acid,  for  instance,  is  used  in  topical  treat¬ 
ment  of  hyperkeratotic  lesions,  to  facilitate 
the  penetration  of  sulfur,  ammoniated  mer¬ 
cury,  etc.  Milbradl  (99)  demonstrated  histo¬ 
logically  that  salicylic  acid,  pyrogallic  acid, 
resorcinol,  and  jS-naphthol,  all  regarded  as 
keratolytics,  greatly  enhance  the  penetra¬ 
tion  of  dyes. 

Whereas  in  my  original  review  (122)  I 
stated  that  mild  keratolytic  agents  cannot 
promote  percutaneous  absorption  as  long  as 
they  do  not  attack  the  “barrier,”  Laug  (22) 
pointed  out  how  difficult  it  is  to  conceive 
that  keratolytic  action  should  be  sharply 
limited  to  the  surface  layer  of  cornified  cells. 
Indeed,  it  has  been  shown  that  salicylic  acid 
is  not  purely  keratolytic  but  rather  readily 
causes  “rete-cytolysis,”  with  destruction  of 
the  barrier  (142).  Even  under  mild  condi¬ 
tions,  when  low  concentrations  are  used  and 
there  is  no  airtight  closure,  the  cell  mem¬ 
branes  of  the  transitional  layers  may  be  at¬ 
tacked,  no  matter  whether  this  can  be 
demonstrated  histologically  or  not. 


VII.  ROLE  OF  INCREASED  BLOOD  FLOW 


Increased  blood  flow  through  the  corium 
does  not  necessarily  increase  penetration.  It 
is  true  that,  once  a  substance  has  reached 
the  vascular  bed,  its  rate  of  removal  is 
greater  if  the  blood  flow  is  increased.  In  the 
case  of  most  substances  in  gaseous  form,  for 
instance,  there  is  a  simple  physical  diffusion 
through  the  skin,  depending  on  the  differ¬ 
ence  in  concentration  (or  vapor  tension)  of 
the  gas  outside  and  that  inside  the  skin  and 
on  the  temperature.  If  the  concentration  is 
greater  on  the  outside,  so  that  the  diffusion 
is  directed  inward,  a  greater  difference  will 
be  maintained  by  more  rapid  removal  of  the 
substance  from  the  spot  where  it  entered  the 
circulation.  For  instance,  carbon  dioxide 
dissolved  in  water  passes  through  the  skin 
inward  if  its  outside  concentration  is  higher 
than  8.5  per  cent  (77).  In  its  passage  it  red¬ 
dens  the  skin  independently  of  the  tempera¬ 
ture  of  the  bath.  Owing  to  the  dilatation  of 
arterial  and  venous  limbs  of  superficial 


capillaries,  there  is  a  significant  and  pro¬ 
longed  increase  in  blood  flow  (141).  This 
carbon  dioxide  hyperemia  may  promote  the 
absorption  of  another  gas  through  the  skin; 
McClellan  et  al.  (92)  have  shown  that  radon 
jienetrates  much  faster  through  the  skin 
from  baths  containing  carbon  dioxide  than 
from  plain  water.  Absorption  of  nitrogen 
and  of  helium  gas  also  could  be  related  to  the 
rate  of  peripheral  blood  flow  (10). ‘ 

However,  pure  vasodilatation  without 
epidermal  changes  is  a  rather  uncommon 
situation.  In  the  majority  of  cases  when  the 
skin  becomes  reddened,  it  is  because  it  is 
“irritated”;  in  irritated  skin  the  epidermal 
cells  are  damaged  and  their  permeability  in¬ 
creased.  The  true  barrier  lies  above  the 
capillary  bed;  and  if  a  substance  does  not 
jienetrate  this  barrier,  hyperemia  aannot  be 
exjiected  to  promote  its  absorjition.  If  a 

1.  See  also  absori)tion  of  tritium  oxide,  p.  35. 
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substance  penetrates  only  after  mechanical, 
physical,  or  chemical  stimulation  of  the  skin, 
this  is  because  the  epidermal  barrier  has 
been  damaged. 

It  has  been  a  rather  unique  observation 


Absorption 

that  irradiation  with  red  and  short-wave 
infrared  rays  j)romotes  subsequent  absorp¬ 
tion  of  penicillin  from  wet  compresses  (31). 
Whether  this  is  due  to  hyperemia  or  to  some 
other  factor  has  not  been  investigated. 


VIII.  ABSORPTION  THROUGH  APPENDAGES 


The  mechanism  of  percutaneous  absorp¬ 
tion  as  a  whole  becomes  somewhat  compli¬ 
cated  by  the  presence  in  the  skin  of  gland 
ducts  and  hair  follicles  which  open  on  the 
surface  in  the  form  of  visible  pores. 

A.  PILOSEBACEOUS  APPARATUS 

Older  data  (123)  as  well  as  modern  work 
(146)  have  shown  the  prominent  role  of 
transfollicular  absorption.  In  the  upper  half 
of  the  follicular  canal  the  hair  shaft  does  not 
adhere  to  the  follicular  wall.  The  space  be¬ 
tween  is  loosely  filled  with  greasy  horny 
scales  and  contains  air.  This  space  is  con¬ 
tinuous  with  the  duct  of  the  sebaceous 
gland,  which  empties  the  sebum  into  it  (see 
Fig.  1,  p.  28).  Any  substance  may  j)ene- 
trate  this  space  and  reach  the  duct  of  the 
sebaceous  glands,  and  from  there  the  gland 
cells  (see  Fig.  2,  p.  30).  This  pathway  does 
not  require  passage  through  a  stratified 
epithelium  but  leads  through  an  air-filled 
canal  to  cell  membranes,  the  permeability  of 
which  is  considerably  higher  than  that  of 
the  transitional  epidermal  cells.  Similarly, 
the  side  walls  of  the  follicles  are  less  resistant 
to  penetration  than  is  the  surface  epidermis. 
This  was  first  shown  with  dyes  in  electro¬ 
phoretic  e.xperiments  by  Rein  (116).  He 
found  that  if  the  rete  takes  up  any  stain,  the 
vicinity  of  follicles  is  stained  most  intensely. 
He  also  found  that  perifollicular  staining 
does  not  occur  around  follicles  which  have 
been  occluded  by  waxy  plugs.  This  ty])e  of 
penetration  was  most  extensively  proved  bv 
MacKee  et  al.  (93).  These  authors  studied 
the  penetration  of  heavy-metal  compounds 
sulfonamides,  and  dyes  through  the  skin  of 
guinea  pigs  and  men.  The  best  penetration 
was  obtained  by  the  use  of  vehicles  combin¬ 
ing  water,  propylene  glycol,  wetting  agents 
coupling  agents”  (antipyrine),  and  solubil¬ 


izers.  With  these  vehicles,  staining  of  the  fol¬ 
licles,  epidermis,  and  corium  was  achieved. 
However,  in  all  cases  a  band  free  of  color 
was  observed  in  the  transitional  area.  In 
their  interpretation  the  authors  outlined  the 
main  route  of  penetration  as  follows:  horny 
layer  follicular  pores  — >  follicles  — >  cori¬ 
um  via  both  sebaceous  glands  and  side  walls 
of  follicles  — ^  spread  in  corium  downward, 
to  the  side,  and  up  into  the  epidermis.  Ac¬ 
cording  to  this  scheme,  the  epidermal  bar¬ 
rier  is  not  broken  through,  either  from  above 
or  from  below  (see  Fig.  2,  p.  30). 

Water  and  aqueous  solutions  do  not  enter 
the  follicles  by  mere  capillary  attraction 
because  of  insufficient  wetting  and  because 
the  ducts  are  filled  with  air.  Under  pressure, 
however,  the  adherent  air  may  separate  and 
be  forced  out  to  the  surface.  In  the  case  of 
inunction  of  ointments  or  of  vehicles  con¬ 
taining  wetting  agents,  compression  of  the 
air  in  the  duct  and  absorption  of  the  air 
through  gland  cells  may  take  place  (123). 

B.  SWEAT  DUCTS 

The  pores  of  sweat  ducts,  like  those  of 
follicles,  become  stained  if  dyes  are  intro¬ 
duced  into  the  human  skin  by  electropho¬ 
resis  (116).  Ichihashi  (68)  postulated  that 
this  pore  pattern”  indicated  absorption  of 
the  dye  through  the  sweat  ducts.  Abramson 
et  al.  (4,  3,  2),  came  to  the  same  conclusion 
and  found  the  development  of  the  sweat 
pore  patterns  dependent  on  the  electric 
charge  of  the  skin.  However,  Flesch  et  al. 
(45)  showed  that  the  pore  pattern  of  sweat 
pores  was  readily  erased  by  the  scraping-off 
of  the  horny  layer  with  a  scalpel  and  that 
penetration  of  the  dye  into  the  duct  could 
not  be  demonstrated  histologically  These 
observations  did  not  definitely  disprove 
penetration  through  sweat  glands:  the  dyes 
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might  have  been  reduced  in  I  lie  duct  to  a 
leuko-form;  but  they  clearly  indicated  that 
palmar  “pore  patterns”  were  insufficient 
evidence  for  transudoriferous  absorption. 

In  any  case,  the  poor  absorptive  capacity 
of  palms  and  soles  (p.  31)  militates  against 
any  substantial  penetration  through  sweat 
ducts.  Poor  penetration  of  dyes  through 


palms  and  soles  was  noted  by  MacKee  et  al. 
(^>3) ;  of  allergens,  by  Herrmann  (63) ;  and  of 
histamine,  by  Shelley  and  Melton  (136). 

It  has  been  known  since  the  last  century 
that  metallic  mercury,  which  easily  passes 
through  the  jiilosebaceous  apparatus,  can 
be  seen  in  sweat  orifices,  rarely  in  a  sweat 
canal,  and  never  in  a  sweat  gland. 


IX.  PRINCIPLES  UNDERLYING  METHODS 


In  experiments  on  percutaneous  absorp¬ 
tion  the  intake  of  substances  through  the 
respiratory  tract  and  through  mucous  mem¬ 
branes  of  mouth,  rectum,  and  vagina  has  to 
be  carefully  avoided.  Working  with  volatile 
substances  of  relatively  high  vapor  pressure, 
one  must  be  particularly  cautious  to  avoid 
errors  in  attributing  absorption  through  the 
lungs  to  percutaneous  penetration.  Another 
elementary  rule  for  experimentation  in  this 
field  is  that  the  skin  through  which  penetra¬ 
tion  is  tested  must  be  absolutely  intact. 


Many  erroneous  conclusions  were  drawn 
from  animal  experiments  in  which  the  skin 
was  shaved  or  otherwise  depilated,  without 
the  necessary  care  to  avoid  injury  to  the 
rather  superficially  situated  barrier. 

Whether  a  substance  is  absorbed  through 
the  skin  or  not  has  been  most  commonly 
tested  by  attempting  to  demonstrate  the 
substance  chemically  in  the  blood,  urine, 
internal  organs,  or  the  expired  air.  Or  the 
penetration  has  been  detected  by  the  local 
or  systemic  biological,  pharmacological,  or 
toxic  action  of  the  material.  The  absorption 
of  small  quantities  may  remain  undetected 
with  any  of  these  methods,  because  of  the 
limited  sensitivity  of  the  assay.  Further¬ 
more,  these  methods  can  hardly  be  used  to 
demonstrate  percutaneous  absorption  o 
substances  normally  present  in  the  boc  y.  o 
work  with  the  latter  ones,  Hediger  (62) 
introduced  a  new  method  which  in  a  modi¬ 
fied  form  was  widely  and  fruitfully  used  by 
Burgi  (20).  In  this  method  the  substances  to 
be  tested  are  apjdied  in  solutions  under  g  ass 
bells  which  are  affixed  to  the  skin.  Changes 
in  the  concentration  of  the  dissolved  sub¬ 
stances  are  estimated  at  regular  time  inter¬ 


vals  in  aliquot  ])arts  by  chemical  analysis  of 
the  fluid  above  the  skin.  Decrease  of  con¬ 
centration  indicates  absorption  of  the  solute. 
The  time  curve  of  rate  of  absorjition  can  be 
well  established  with  this  method.  Again, 
this  method  has  its  limitations  because  of 
the  sensitivity  limit  of  the  chemical  method 
used.  In  addition,  as  pointed  out  by  Laug 
(22),  deposition  in  the  horny  layer  and  in 
follicular  openings  may  simulate  true  pene¬ 
tration  when  there  is  none.  But  such  surface 
deposition  is  limited,  and  if  the  decrease  in 
concentration  is  substantial  and  continuous, 
there  can  be  little  doubt  that  the  substance 
does  penetrate. 

One  of  the  most  sensitive  tests  is  that 
based  on  the  antigenic  properties  of  the  sub¬ 
stance  to  be  absorbed,  because  extremely 
minute  traces  penetrating  to  the  site  of  tis¬ 
sue  antibodies  may  suffice  to  elicit  allergic 
reactions. 

Histochemical  methods  of  demonstrating 
the  penetration  of  substances  into  the  skin 
have  the  advantage  of  revealing  not  only 
absorption  per  se  but  also  the  route  of  pene¬ 
tration.  However,  this  method  is  limited  to 
dyes  and  to  a  rather  small  number  of  other 
substances  which  yield  precipitable  colored 
end-products  in  specific  chemical  reactions. 
A  dangerous  error  may  arise  in  the  use  of 
dyes  as  “indicators”  by  mixing  theni  with 
noncolored  substances  and  then  arriving  at 
conclusions  concerning  the  absorption  ot 
the  noncolored  material.  Sejiaration  within 
the  skin  of  dyed  substance  and  dye  is  gen¬ 
erally  the  rule;  only  exce])tionally  will  they 
stav  together. 

Radioisotope  tracer  technics  are  obvi¬ 
ously  far  suiierior  in  all  respects  to  all  pre- 
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vious  methods  in  the  study  of  j)ercutaneous 
absorption.  These  methods  enable  us  to 
study  qualitatively  and  quantitatively  the 
absorj)tion  of  minute  traces  of  normal  con¬ 
stituents  and  of  foreign  substances  by  meas¬ 
uring  radioactivity  in  the  skin,  blood,  urine. 


A  hsorption 

internal  organs,  and  expnred  air.  Moreover, 
by  means  of  the  autoradiograph  technic  one 
can  follow  the  pathway  of  virtually  all  ma¬ 
terials.  We  are  just  beginning  to  utilize 
isotoj)es  for  this  purpose,  with  some  re¬ 
markable  initial  results. 


X.  .\BSORPTI()N  OF  SINGLE  COMPOUNDS  .AND 
(GROUPS  OF  COMPOUNDS 


A.  WATER 

Obsolete  plethysmograj)hic  work  yielded 
the  first  e.xperimental  indication  that  human 
skin  is  either  imj^ermeable  to  water  from  the 
outside  or  that  if  there  is  any  absorption,  the 
amount  absorbed  is  very  small  (122).  This 
conclusion  was  arrived  at  also  by  Schwen- 
kenbecher  (130).  I  pointed  out  (122)  that 
under  physiological  conditions  the  horny 
layer  swells  when  a  limb  is  kei)t  in  water  but 
that  the  living  epidermal  cells,  as  contrasted 
with  the  skin  of  aquatic  animals  and  Am¬ 
phibia,  remain  microscopically  unchanged, 
an  indication  of  a  barrier  of  water  penetra¬ 
tion  below  the  area  of  swelling  (j).  52).  I 
also  assumed  that,  because  of  this  barrier,  if 
there  is  water  penetration  at  all,  it  must  be 
through  the  appendages  (122).  .After  pro¬ 
longed  contact,  water  may  displace  the  air, 
penetrate  into  the  follicles,  and  from  there, 
via  sebaceous  glands  or  follicular  side  walls, 
into  the  general  circulation. 

Whitehouse  et  at.  (170,  171),  carefully 
estimating  body  weight  before  and  after  im¬ 
mersion  in  water  baths,  came  to  the  conclu¬ 
sion  that  water  does  penetrate  through 
human  skin.  But  their  method  has  been  oi)en 
to  criticism  (22),  and  only  recently  was  the 
penetration  of  water  definitely  ])roved  by 
the  use  of  heavy  water  (deuterium  oxide) 
and  radioactive  water  (tritium  oxide)  (see 
below).  Szczesniak,  Sherman,  and  Harris 
(140)  immersed  young  male  rats  for  6-7 
hours  in  a  mixture  of  6  i)arts  IIoO  and  4 
f)arts  D.2()  at  35°  C.  and  recovered  substan¬ 
tial  amounts  of  deuterium  oxide  in  the  heart 
blood.  'Phe  amounts  were  ai)i)roximately  the 
same  in  animals  whose  fur  was  removed  by 
,  chiiping  and  by  apj)lication  of  an  adhesive 
ta])e  as  in  animals  which  w’ere  immersed 


with  their  natural  fur.  The  authors  did  not 
attempt  to  trace  the  route  of  absorption  by 
use  of  tritium  oxide  and  autoradiography 
(l)ersonal  communication);  and  thus  it  is 
still  not  decided  whether  this  absorption  is 
transe})idermal  or  ^'ia  apj)endages. 

It  may  appear  paradoxical  to  assume 
that  there  is  no  transepidermal  inward 
movement  of  water,  as  it  is  well  known  that 
water  continuously  moves  outward  through 
the  epidermis  (p.  239).  However,  one-sided 
“irreciprocal”  })ermeability  of  membranes 
is  a  well-known  phenomenon  in  biology. 
Wertheimer  (168,  169)  studied  many  in¬ 
stances  of  this  irreciprocal  permeability  of 
frog’s  skin  and  showed  that,  by  changing  the 
experimental  conditions,  the  frog’s  skin  can 
be  made  ])ermeable  to  water  either  inward  or 
outward  by  changing  the  electrical  charge 
of  the  skin  membrane  by  the  addition  of 
weak  acids,  alkalies,  and  salt  solutions.- 

.Assumption  of  irreci])rocal  permeability 
to  water,  however,  is  certainly  unnecessary  in 
the  light  of  the  recent  work  of  Pinson  (E.  A. 
Pinson,  Water  e.xchanges  and  barriers  as 
studied  by  the  use  of  hydrogen  isotopes. 
Physiol.  Rev.,  32:123-34,  1952).  E.xposing 


i.  Wertheimer  (16/)  also  demonstrated  similar 
one-sided  permeability  to  electrolytes.  Under 
natural  conditions  sodium  chloride  penetrates  from 
the  outside  through  frog  skin,  but  not  in  the  opposite 
direction.  This  migration  is  due  to  the  potential 
difference  between  the  outer  and  inner  surfaces  of 
the  skin  and  can  be  modified  by  changing  the 
Iiotential.  Wertheimer’s  work  was  confirmed  and 
expanded  by  modern  isotoiie  technics  (154  48  155 
67,  66,  90,  128).  Ussing  (154)  demonstrated  that  the 
reciprocal  iiermeabilities  of  CL  and  Na+  ions  are 
difTerent  and  independent  of  each  other.  It  appears 
that  hormonal  inlluences  on  the  iiermeabilitv  of  the 
skin  m  water  and  electrolytes  also  depend' on  the 

electrical  charge  (48,  128). 
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a  skin  area  of  man  to  an  outside  environ¬ 
ment  saturated  with  tritium  oxide  vapor,  he 
found  a  passage  inward  through  the  skin 
ai>proximately  at  the  same  rate  at  which 
water  ])asses  out  through  the  skin  normally 
as  insensible  ])erspiration  (pp.  233 flf.).  Pinson 
obtained  similar  results  when  he  immersed 
his  skin  in  a  solution  of  tritium  oxide.  In 
either  case,  when  the  radioactive  water  was 
applied  as  a  vapor  or  as  a  solution,  it  took 
about  10  minutes  from  the  beginning  of  the 
exposure  for  the  tritium  oxide  to  appear  in 
the  urine.  Excretion  increased  for  from  30 
minutes  to  several  hours.  If  the  skin  was 
warmed  after  e.xposure,  the  concentration  of 
tritium  oxide  in  the  urine  increased  ra])idly 
and  reached  a  constant  value  in  about  1 
hour.  In  case  of  cooling  after  exposure,  the 
concentration  of  tritium  oxide  in  the  urine 
increased  slowly  for  a  period  longer  than 
5  hours. 

Pinson  assumed  that  tritium  oxide  pene¬ 
trates  the  skin  barrier  in  vapor  form.  This 
assumption  explained  that  it  made  no  dif¬ 
ference  whether  vaj)or  or  solution  was  ap- 
I)lied  and  that  warming  the  skin  had  an 
accelerating  effect.  But  he  also  thought  that, 
in  addition  to  the  superficial  barrier,  there 
might  be  a  deeper  one  “between  the  skin 
and  the  general  circulation.”  This  second 
barrier  might  be  influenced  by  vasoconstric¬ 
tion,  hence  the  slowing-down  effect  of  cold. 

One  might  argue  that  the  structure  of 
tritium  oxide  differs  quite  considerably  from 
that  of  water  and  therefore  that  no  conclu¬ 
sions  can  be  drawn  concerning  the  absorp¬ 
tion  of  water  from  e.xj)eriments  with  tritium 
oxide.  Pinson  has  discussed  this  point  ade¬ 
quately.  In  any  case,  the  conce])t  that  there 
is  diffusion  of  water  vapor  inward  and  out¬ 
ward  in  equal  amounts  is  a  novel  and  intri¬ 
guing  interpretation,  jiarticularly  because  it 
is  known  that  any  substance  may  pass  the 
skin  barrier  in  the  gaseous  state  fp.  44). 


IJ.  ELECTROLYTES 

Ut)  Io  recent  times  the  sum  of  experi¬ 
mental  (lata  led  to  the  conclusion  that 
electrolytes  applied  to  the  skin  m  aqueous 
solutions  either  do  not  jienetrate  the  skin  of 


mammals,  or,  if  they  enter,  they  do  in  small 
amounts  via  the  appendages.  When  salts 
with  nonphysiologic  cations,  such  as  Li, 
Rb,  Cs,  Sr,  and  Ba,  were  applied  to  the  skin 
in  aqueous  solutions  in  the  form  of  baths, 
sjirays,  etc.,  these  ions  could  not  be  recov¬ 
ered  in  the  urine  (122,  74,  171).  Lehman 
(85) ,  using  Hediger’s  method,  found  the  skin 
impermeable  also  to  the  physiologically  oc¬ 
curring  cations  Na  and  Ca  when  applied  to 
the  skin  in  the  form  of  NaCl  and  CaCl2 
aqueous  solutions.  Thus,  until  the  advent  of 
the  isotope  research  technics,  passage  of 
cations  never  was  demonstrated  or  even 
claimed  to  occur. 

Of  the  anions,  the  iodide  ion  was  tested 
most  frequently,  and  with  this  ion  the  re¬ 
sults  were  not  unequivocally  negative.  In  a 
number  of  experiments  small  amounts  of 
iodides  were  recovered  in  the  urine  after 
iodides  had  been  applied  to  the  skin  in 
aqueous  solutions.  The  iodide  ion  has  a  rela¬ 
tively  good  chance  to  enter  the  skin,  in  com¬ 
parison  with  chloride,  because  it  is  an  anion 
which  increases  the  negative  electric  charge 
of  the  skin  and  its  capacity  for  swelling  in 
water  (122).  Also  there  is  some  evidence 
that  small  amounts  of  iodides  may  be  oxi¬ 
dized  to  free  iodine  in  the  skin  and  be  ab¬ 
sorbed  in  this  form  (122,  58).  But  absorption 
of  chlorides  in  small  amounts  also  has  been 
reported  in  a  few  publications.  Antinobin  (8) 
found  small  amounts  absorbed  when  the 
hands  were  immersed  in  N/1  sodium  chlo¬ 
ride  solution  by  “remainder  analysis,” 
whereas  with  a  similar  method  Biirgi  (20) 
found  traces  absorbed  only  from  highly  con¬ 
centrated  solutions  (10-27  per  cent). 

Sixty  years  ago  Traube-Mengarini  (151) 
reported  that  iodides  penetrate  via  the  ap¬ 
pendages.  Her  findings  have  never  been 
checked,  but  on  the  basis  of  Rein’s  work 
(p.  33)  we  must  assume  that  the  small 
amounts  of  electrolytes  which  may  pene¬ 
trate  do  so  via  the  appendages  and  not 
transepidermally.  It  seems  to  be  well  estab¬ 
lished  that  in  the  epidermis  there  is  a  rather 
superficially  located  barrier  preventing  the 
penetration  of  electrolytes.  If  this  barrier  is 
broken  by  very  superficial  injuries  to  the 
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skin  or  by  natural  disease  processes,  the  skin 
becomes  freely  permeable  to  electrolytes. 
Recently,  considerable  absorption  of  sodium 
ions  from  sodium  bicarbonate  baths  was 
demonstrated  in  cases  of  exfoliative  derma¬ 
titis  (43). 

With  the  isotope  tracer  technic  two  i)osi- 
tive  findings  are  recorded  on  percutaneous 
penetration  of  electrolytes  in  man.  Johnston 
and  Lee  (73)  used  aqueous  solutions  of 
sodium  chloride  containing  radioactive  sodi¬ 
um.  They  incorporated  the  solutions  in 
different  ointment  bases  and  rubbed  these 
ointments  thoroughly  into  the  right  upper 
arm  of  normal  subjects.  Absorption  was 
checked  by  measuring  radioactivity  on  the 
left  hand  and  in  the  urine.  Activity  was 
demonstrated  in  both  these  places.  Con¬ 
spicuously,  the  activity  was  greatest  very 
soon  after  the  application  and  rapidly  de¬ 
creased  to  minute  intensities,  suggesting 
that  the  mechanical  factor  of  pressing  the 
ointment  into  the  skin  caused  the  absorp¬ 
tion,  whereas  no  absorption,  or  only  a  trace, 
took  place  from  the  ointment  when  it  was 
left  on  the  skin  without  pressure. 

Potassium  iodide  solutions  with  were 
applied  to  human  skin  by  0.  B.  Miller  and 
Selle  (101).  Radioautographs  suggested  ac¬ 
cumulation  of  radioiodine  around  the  hair 
follicles;  but  the  pictures  are  not  clear 
enough  to  be  sure  that  the  radioiodine 
passed  the  cornified  parts  of  epidermis  and 
follicular  openings.  The  disappearance  of 
radioactivity  from  the  skin  surface  was 
studied,  and  it  was  found  that  the  disap- 
I)earance  was  considerably  slowed  down  if 
the  covering  of  the  area  was  airtight.  Thus 
the  gradual  subsidence  of  activity  might 
have  been  due  not  to  absorption  but  to 
evaporation  or  to  some  other  kind  of  “sur¬ 
face  loss.”  Radioactivity  of  the  thyroid 
gland  and  of  urine  was  tested  in  one  subject 
and  was  found  to  be  absent. 

In  animals  the  percutaneous  penetration 
of  electrolytes  is  better  evidenced.  Loeffier 
and  Thomas  (88)  studied  the  ])ercutaneous 
absorption  of  aqueous  radioactive  strontium 
chloride  solutions  (SrS^Cl,)  through  the 
shaved  skin  of  rats.  Slightly  over  10  per  cent 


of  the  apifiied  material  went  through  the 
intact  skin.  The  uptake  was  very  raj)id, 
most  of  it  occurring  in  the  first  10  minutes. 
When  the  skin  was  damaged,  50  per  cent  of 
the  material  went  through.  Once  the  barrier 
was  broken,  the  degree  and  tyi)e  of  damage 
(abrasions,  stab  wounds,  lacerations)  did 
not  make  any  difference  in  rate  and  amount 
of  absorption. 

Miller  and  Selle  (101)  found  percutaneous 
j)assage  of  in  the  form  of  KI  aqueous 
solutions  incorporated  in  a  water-miscible 
ointment  base.  When  such  material  was  a])- 
plied  to  the  unabraded  skin  of  i)regnant 
guinea  pigs  and  rabbits  and  was  covered 
with  Scotch  tape  for  18-24  hours,  con¬ 
siderable  activity  could  be  demonstrated  in 
the  feti.  In  some  cases  the  radioactivity 
})roved  to  be  fatal  (101,  132). 

In  contrast  to  these  findings,  Strohl  et  al. 
(145),  who  found  considerable  activity  in 
the  blood  after  electrophoretic  introduction 
of  radioactive  sodium  iodide  into  the  skin 
of  rats,  guinea  pigs,  and  rabbits,  state  that 
penetration  by  “simple  diffusion”  (meaning 
application  without  electric  current)  is 
negligible  (Fig.  4). 

C.  LIPID-SOLUBLE  SUBSTANCES 

The  idea  that  the  permeability  of  the 
skin  to  lipid-soluble  substances  comes  about 
because  the  cell  membranes  have  a  sterol- 
phosphatide  framework  was  supjiorted  in 
1936  by  Starkenstein  and  his  co-workers 
(140,  95) .  They  showed  that  any  disturbance 
of  this  framework  either  by  dissolution  or  by 
preci])itation  of  cholesterol  breaks  uj)  the 
barrier  to  skin  absorption.  Previous  treat¬ 
ment  of  the  skin  with  chloroform  or  ether, 
both  of  which  dissolve  cholesterol,  or  with 
sajionins  (100),  which  precipitate  it,  makes 
the  skin  permeable  to  water-soluble  sub¬ 
stances  and  diminishes  the  jienetration  of 
lipid-soluble  compounds.  Conversely,  the 
introduction  of  cholesterol  into  the  skin,  for 
instance  with  ointments,  diminishes  the 
permeability  because  the  cell  membrane  has 
been  strengthened.  In  fact,  from  a  table  of 
my  early  review  (122)  it  is  olivious  that  the 
absorjition  of  jiotassium  iodide  from  oint- 
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ment  bases  containing  cholesterol  is  some¬ 
what  ])oorer  than  from  bases  without  it. 

In  general,  lipid-soluble  substances  are 
fairly  ra])idly  and  completely  absorbed 
through  the  skin.  The  absorption  a])])ears 
to  be  faster  if  the  substance  is  to  some  de- 


they  claim,  are  insoluble  in  water.  However, 
they  do  not  state  to  what  degree  they  are 
insoluble. 

Most  substances  which  are  soluble  in 
both  li])ids  and  water  penetrate  so  rapidly 
that  the  rate  of  absorption  is  comparable  to 


Fig  4  — Dcveloiimcnl  of  activity  in  the  blood  of  rats  as  a  function  of  intensity  of  current  and  length  of 
api'lication  after  eliclrophorctic  mlro,l>,clion  of  ra,lioaclivc  so<liimi  lodalc  ...to  the  sk.n.  hrom  Strohl  of. 
(145).  (Rejiroduced  by  permission  of  Dr.  Strohl  and  Masson  &  Cie.) 


gree  soluble  also  in  water.  In  spite  of  ex¬ 
tensive  discussion  of  thisj)oint  (123,22,  161, 
20),  it  has  not  been  established  that  absorj)- 
tion  is  a  straight  function  of  the  distribution 
coefficient  lipid-solubility/water-solubility ; 
neither  do  we  know  anything  about  the 
oTttimum  j)oint  of  this  coefficient.  Hischlcr 
et  al  (14)  emphatically  deny  the  necessity  of 
solubility  in  water.  They  tind  excellent  pene¬ 
tration  of  oleates  of  the  alkaloids,  which. 


gastrointestinal  absorjition  or  even  to  routes 
of  jiarenteral  absorj)tion  (e.g.,  subcutaneous 
injections).  This  rapidity  has  left  little  doubt 
that  the  route  of  absorjition  is  transej)ider- 
mal.  But  only  in  the  194()’s  was  this  directly 
demonstrated  for  mustard  gas  by  Cullum- 
bine  (29)  with  a  histochemical  reaction  and 
by  Axelrod  and  Hamilton  (9)  by  the  use  of 
mustard  gas  labeled  with  radioactive  sulfur 
(S*^)  (Fig.  5).  Interestingly,  lewisite  i)ene- 


Percutaneous 

.rates  pigskin  |.rin,arily  tl.rough  hair  fol¬ 
licles  and  aii|>arenlly  s])reads  from  there 
into  ei)i(lermis  and  cerium  (Idg.  6). 

The  number  of  lipid-soluble  substances 
which  have  been  i)roved  to  i)enelrale 
through  the  intact  skin  into  the  genered 
circulation  is  too  large  to  be  exhaustively 
listed  here.  Only  a  few  of  the  medically  im¬ 
portant  grou])S  of  lijiid-soluble  substances 
will  be  discussed,  namely,  jihenolic  com- 
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minish  for  some  time.  Mm.y  ^loubted  its 
being  dangerous  at  all.  As  late  as  ^ 
question  was  again  discussed  as  to  whether 
the  local  a])i>lication  of  phenol  may  cause 
any  systemic  effect  (123),  though  ^lany 
iieople  have  died  from  such  treatment.  Ihe 
reason  for  the  uncertainty  in  a  jiroblem  set¬ 
tled  a  long  time  ago  may  be  found  in  the 
fact  that  phenol  in  high  concentration  co¬ 
agulates  the  jiroteins  of  the  skin  and  com- 


». 

«  ± 


Fig.  5. — Human  skin  exposed  for  10  minutes  to  475  y  of  radioactive  mustard.  Tissue  excised  24  hours  after 
application.  Fixation  of  mustard  occurs  in  ei)idcrmis  and  corium.  From  .Vxelrod  and  Hamilton  (9).  (Repro¬ 
duced  hy  ])ermission  of  the  .\merican  Association  of  Pathologists  and  Bacteriologists.) 


pounds,  hormones,  vitamins,  organic  bases, 
a  few  pharmacologically  or  toxicologically 
imjiortant  comjtounds,  and  fatty  ointment 
bases. 

I).  PIIKNOl.IC  CO.Ml'OUNDS 

The  percutaneous  absorption  of  jthenol 
was  well  known  to  jihysicians  of  the  older 
generation.  They  witnessed  severe  and 
sometimes  fatal  poisoning  following  the  ap¬ 
plication  of  carbolic  acid  to  large  areas  of 
the  skin.  Such  unfortunate  events  did  not 
occur  frequently,  however,  and  the  po])u- 
larity  of  this  kind  of  treatment  did  not  di¬ 


bines  with  them  to  form  large  molecules,  the 
lipid-solubility  and  penetration  cajiacity  of 
which  are  completely  different  from  those 
of  free  jihenol.  It  should  be  stated  here  as  a 
general  rule  that  any  substance  when  aj)- 
])lied  in  a  high  concentration  having  a 
caustic  effect  is  absorbed  in  relatively  small¬ 
er  amounts  than  when  the  same  substance 
is  a])i)lied  in  lower  concentrations  which  do 
not  elicit  a  gross  resjionse.  This  has  been 
proved  not  only  for  jihenol  (91)  but  also  for 
a  number  of  heavy-metal  salts  (91,  19)  and 
for  hydrogen  sulfide  (129).  In  addition,  it 
has  been  shown  that  jirevious  treatment  of 
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the  skin  with  caustics  (19)  or  with  astrin¬ 
gents  (96)  decreases  the  })ermeability  to 
other  absorbable  substances. 

The  ])ercutaneous  absor})tion  of  i)henol 
and  its  toxicity  were  reviewed  and  thorough¬ 
ly  studied  by  Deichmann  et  al.  (3d,  34,  35). 
d'hese  authors  continued  the  old  claim  that 
the  addition  of  camphor  counteracts  the 
toxicity  of  i)erculaneously  absorbed  phenol 


Salicylic  acid,  the  most  frequently  tested 
substance  in  experiments  on  percutaneous 
absorption,  ])enelrates  with  extreme  ease 
through  the  skin  from  alcoholic  or  aqueous 
solutions  as  well  as  from  ointments.  Lipid- 
solubility  is  a  j)roperty  of  the  nondissociated 
molecule  and  not  of  the  salicylate  ion.  So¬ 
dium  salicylate,  which  is  ionized  in  aqueous 
solutions,  is  not  lii)id-soluble  and  does  not 


Pjt;  6  —rig  skin  exi)ose(l  to  1.269  y  of  radioactive  lewisite  for  \5>  minutes;  excised  24  hours  later.  The 
bulk  of  the  lewisite  is  accumulated  in  hair  follicles  and  hairs,  with  smaller  amounts  in  the  epidermis.  From 
.\.xelrod  and  Hamilton  (9).  (Rei)roduced  by  permission  of  the  .Vmerican  .\ssociation  of  Pathologists  and 

Bacteriologists.) 


to  a  measurable  degree.  A  relatively  recent 
fatality  due  to  jtercutaneous  absorption  of 
})henol  was  rejiorted  by  ('ronin  and  Hauer 
(28). 

An  interesting  feature  of  ])henol  absorji- 
tion  is  that,  in  s])ite  of  its  good  ])enetration 
through  intact  skin,  this  can  be  considerably 
increased  by  injuring  the  skin.  Freeman, 
.•\lvarez,  and  Draize  (47)  found  an  increase 
in  absorption  of  50  per  cent  after  superficial 
abrasion  and  of  130  per  cent  after  heal  burn 

of  the  skin.'* 


])enetrate,  or  does  so  only  in  traces,  unless 
there  is  enough  carbon  dio.xide  in  the  tissue 
to  liberate  salicylic  acid  from  the  salt  (122, 
65).  The  esters  of  salicylic  acid,  used  ex¬ 
ternally  as  antirheumatic  preparations,  are 
lipid-soluble  and  penetrate  easily  (122,  16). 
However,  different  esters  penetrate  at  dif- 

3.  similar  situation  was  found  for  the  lipid-  and 
water-soluble  compounds  diethylene  glycol  and 
2-methyl-2,4-pentancdiol  (23).  Thus  it  apj)ears  that 
there  exists  an,  at  least  relative,  barrier  also  for 
lipid-soluble  substances.  It  would  be  desirable  to 
know  where  it  is  and  what  its  nature  may  be. 


Percutaneous 

ferent  rates,  and  it  is  not  known  what  fac¬ 
tors  regulate  these  rates.  Halpern  el  al.  (59), 
for  instance,  find  the  penetration  of  dieth- 
ylamine  salicylate  nearly  three  times  faster 
than  that  of  the  methyl  ester. 

Other  lipid-soluble  derivatives  of  phenol, 
such  as  resorcinol,  hydroquinone,  and 
pyrogallol,  also  enter  the  skin  from  any 
vehicle  (161). 


E.  HORMONES 

Estrogenic  hormones,  testosterone  (42, 
22, 161), progesterone  (69),  and  desoxycorti- 
costerone  (160)  penetrate  the  intact  skin 
rapidly  and  with  great  ease.  In  the  end-re¬ 
sult  it  makes  little  difference  whether  these 
hormones  are  given  by  injection  or  through 
the  skin,  although  the  latter  route  of  ab¬ 
sorption  is  somewhat  slower.  But  the  uptake 
is  quantitative. 

At  the  present  time  it  is  difficult  to  make 
an  unequivocal  statement  on  the  percutane¬ 
ous  absorption  of  cortisone  and  hydrocorti¬ 
sone  through  intact  skin.  The  animal  experi¬ 
ments  of  Castor  and  Baker  (25),  who  ap¬ 
plied  cortisone  acetate  and  hydrocortisone 
acetate  to  the  skin  of  rats  in  alcoholic  solu¬ 
tions,  suggest  that  these  salts  do  penetrate, 
since  their  percutaneous  application  pro¬ 
duces  profound  morphological  changes.  In 
man,  however,  such  changes  are  not  pro¬ 
duced  with  cortisone  acetate,  and  the  local 
application  of  this  compound  for  thera- 
])eutic  purposes  has  been  disappointing  in  all 
diseases  in  which  its  systemic  administra¬ 
tion  has  been  most  effective  (54,  147).  It  has 
been  debated  that  possibly  cortisone  is  inef¬ 
fective  in  local  application  because  it  has  to 
undergo  some  chemical  change  before  it 
becomes  biologically  effective  and  that  the 
skin  is  not  able  to  effect  this  chemical  trans¬ 
formation  (125).  The  observation  that 
hydrocortisone,  as  contrasted  with  corti¬ 
sone,  is  therapeutically  effective  in  per¬ 
cutaneous  application  (148)  seems  to  su])- 
{)ort  this  view.  Thus  the  ineffectiveness  of 
cortisone  acetate  in  local  apjffication  does 
not  necessarily  mean  that  it  is  not  absorbed. 

No  work  has  been  done  as  yet  with  the 
free  cortisone  and  hydrocortisone  steroid  al- 
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cohols  in  resj>ect  to  percutaneous  absorp¬ 
tion.  One  would  expect  them  to  penetrate 
with  greater  ease  than  their  salts. 

Data  concerning  absorption  of  water- 
soluble  hormones  through  the  skin  are  high¬ 
ly  uncertain.  From  the  extensive  work  on 
j)erculaneous  absorj)tion  of  insulin  (123), 
one  can  conclude  that  under  carefully  con¬ 
trolled  experimental  conditions  negative  re¬ 
sults  are  prevalent.  Positive  results  are  due 
either  to  skin  injuries  from  shaving  in  ani¬ 
mal  e.xperiments  or  to  a  preparatory  treat¬ 
ment  of  the  skin  with  chemicals  which 
pathologically  increase  the  permeability  of 
the  skin  (123). 

Absorption  of  iodothyroglobulin  through 
the  skin  of  guinea  jjigs  was  concluded  by 
Albrieux  (5)  from  weight  loss  and  increased 
oxygen  uptake  by  the  treated  animals.  The 
material  was  rubbed  into  “epilated  skin,” 
but  what  kind  of  epilation  was  used  has  not 
been  stated. 

Among  the  water-soluble  pituitary  hor¬ 
mones,  apjmrently  only  the  lactogenic  hor¬ 
mone  was  tested  for  its  penetration  through 
the  skin;  it  was  found  to  be  absorbed  in 
women  by  Ehrhardt  (39)  and  in  guinea  pigs 
by  Voss  (163).  Walker  and  Rothman  (164) 
also  noticed  systemic  effects  of  this  hormone 
when  it  was  massaged  into  bald  scalps. 


F.  VITAMINS 

The  lipid-soluble  vitamins  D,  and  K 
penetrate  the  skin  with  ease  (42,  22). ■*  The 
biological  significance  of  vitamin  D  forma¬ 
tion  in  the  skin  by  ultraviolet  light  and  its 
subsequent  absorption  is  obvious.  Carotenes 
are  also  easily  absorbed. 

Absorption  of  water-soluble  and  lijiid- 
insoluble  vitamins  (particularly  of  thiamine 
and  of  ascorbic  acid)  has  been  claimed  but 
not  confirmed  (123).  Lipid-soluble  deriva¬ 
tives  of  these  vitamins,  however,  are  ab¬ 
sorbed,  e.g.,  i)antothenol,  the  alcohol  of 
])antothenic  acid  (21). 


.yLcorcnng  to  i'.  i-iesch,  there  is  no  satisfac¬ 
tory  evidence  for  percutaneous  absoqition  of  vita¬ 
min  A  in  rats  and  man  (personal  communication: 
see  also  J.  Invest.  Dermat.,  19:353-63,  1952). 
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G.  ORGANIC  BASES 

Large  groups  of  ])harniacologically  active 
agents  are  organic  bases,  e.g.,  alkaloids  of 
plant  origin,  synthetic  antiseptics,  anal¬ 
gesics,  antihistaminics,  etc.  The  free  bases 
are  lipid-soluble  and  penetrate  the  skin. 
Their  water-soluble  salts  do  not  ])enetrate  or 
{>enetrate  only  in  traces  through  ai)pendages 
when  applied  for  several  hours,  whereas  the 
base  in  the  same  amount  and  same  concen¬ 
tration,  applied  over  the  same  surface  area, 
immediately  causes  jdiarmacologic  effects. 
Poisonous  alkaloid  bases  when  applied  to 
the  skin  may  kill  the  animals  in  a  few  min¬ 
utes,  when  the  com])arable  ap])lication  of 
the  water-soluble  salt  has  no  effect  at  all. 
F'or  instance,  nicotine,  strychnine,  and 
opium  alkaloids  are  absorbed  with  great 
ease  but  not  their  sulfate  or  hydrochloric 
acid  salts  (123).  Recently  the  much  greater 
penetration  of  histamine  base  as  comj)ared 
with  histamine  salts  was  demonstrated  by 
Shelley  and  Melton  (137). 

Modern  drug  industry  has  made  little  use 
of  this  quite  general  rule.  Most  modern 
anesthetics,  antihistaminics,  and  bacteri¬ 
cidal  preparations  for  topical  use  contain 
the  water-soluble  salts  and  not  the  free 
bases.  Of  course,  all  these  agents  are  al¬ 
lergens,  and,  if  the  bases  were  used,  with 
imi)roved  absorption  the  incidence  of  sensi¬ 
tization  might  increase  considerably  (124). 
The  close  connection  of  increased  penetra¬ 
tion  with  increased  incidence  of  sensitization 
was  pointed  out  by  Rabeau  and  Malangeau 

(IM). 


H.  HEAVY  METALS  AND  THEIR  SALTS 

Of  the  li{)id-soluble  salts  of  heavy  metals, 
mercuric  bichloride  was  often  found  to  be 
absorbed  from  its  aqueous  solutions  through 
the  unbroken  skin.  Like  phenol,  however, 
its  penetration  is  interfered  with  by  its 
coagulating  effect  on  proteins  when  app bed 
in  concentrations  above  0.5  jier  cenMU), 
and  thus,  in  spite  of  its  good  solubility  in 
organic  solvents  (in  alcohol  33  PTE  H  < 
ml  at  25°  C.;  in  ether  25  gm.  in  100  ml.  at 
20°  C.;  in  water  only  6.9  gm.  in  100  ml.  at 


2t)°  C.),  its  jienetration  is  not  S])ectacular. 
Also,  mercuric  cyanide,  in  S{)ite  of  its 
moderately  good  lijiid-solubility,  does  not 
{lenetrate  the  skin  (94). 

Metallic  mercury  when  ajijilied  to  the 
skin  in  ointments  jienetrates  the  intact  skin 
through  hair  follicles  and  sebaceous  glands. 
Droplets  of  metallic  mercury  are  found  in 
the  ap])endages  and  in  the  upjier  horny 
layer  but  never  in  the  ejiidermis  proper. 
Calomel  (27)  and  yellow  mercuric  oxide  (60) 
behave  similarly.  As  mentioned  above  (p. 
29),  Moncorps  (107)  noted  traces  of  mer¬ 
cury  in  the  intracellular  spaces  of  the  epi¬ 
dermis  after  inunction  of  ammoniated  mer¬ 
cury;  but  he  ])resented  evidence  that  this 
absorption  occurs  only  if  the  ammoniated 
mercury  (mercuric  amino  chloride)  is  sjilit 
and  mercuric  bichloride  is  formed.  Siemens 
(13^))  studied  this  S])litting  in  detail. 

.\mmoniated  mercury  itself,  which  is  in¬ 
soluble  in  water,  in  lipids,  and  in  organic 
solvents,  is  the  least  absorbable  mercury 
comiiound  used  in  therapy.  Its  bactericidal 
effect  is  based  on  its  adsorption  to  the  cell 
wall  and  on  an  extremely  slow  dissociation 
of  mercuric  ions  under  the  influence  of  the 
acid  reaction  of  the  horny  layer  and  sweat 
(107,  112).  Its  extremely  low-grade  penetra¬ 
tion  has  often  been  confirmed  (12vl).  After 
percutaneous  aiiplication  of  1  gm.  of  10 
jier  cent  ammoniated  mercury  ointment  for 
4  weeks,  Gibbs  et  al  (51)  found  an  average 
of  24  7  of  Hg  e.xcreted  in  the  24-hour  urine 
and  only  traces  in  the  feces.  Robert  (119), 
who  applied  10  gm.  daily  of  the  same  oint¬ 
ment,  found  between  30  and  95  y  of  Hg  per 
liter  in  the  urine  and  only  once  as  much  as 
215  7  ])er  liter.  According  to  Robert,  these 
amounts  are  of  no  clinical  significance.  In¬ 
deed,  it  is  well  known  that  mercurial  jioison- 
ing  after  jiercutaneous  a|)plications  of  am¬ 
moniated  mercury  ointments  is  rare.  In 
most  instances  (119)  such  cases  were  aj>par- 
ently  due  to  extreme  hypersensitivity  to 
mercury,  with  traces  causing  jioisoning,  or 
to  accidental  contamination  of  the  oral 
cavity  (51).  Nevertheless,  it  seems  that  air¬ 
tight  closure  with  collodion  greatly  pro¬ 
motes  the  decomposition  and  absorjition  o 
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this  compound.  (Irossenbacher  (57)  found 
no  percutaneous  absorj)tion  of  it  at  all;  but 
if,  under  otherwise  identical  circumstances, 
the  ointment  layer  was  covered  with  col¬ 
lodion  for  27  hours,  diarrhea  ensued,  and 
mercury  could  be  demonstrated  in  the  urine. 
One  may  sj^eculate  that  retention  of  sweat 
j)romoted  formation  of  mercuric  bichloride 
and  that  this  was  absorbed  at  a  higher  rate 
because  of  aqueous  imbibition  by  the  tissues 
(see  {).  52). 

In  contrast  to  the  ])oor  absorj)tion 
through  intact  skin,  the  absor{)tion  of  mer¬ 
cury  from  ammoniated  mercury  ])rej)ara- 
tions  through  the  mouth  (51)  and  through 
the  vagina  (119)  is  rapid  and  may  be  fatal. 
Remarkably,  however,  absorj)tion  from 
wound  surfaces,  particularly  from  torpid 
wounds,  was  found  to  be  not  much  greater 
than  from  normal  skin  (119).  The  decisive 
factor  in  the  case  of  ammoniated  mercury 
absor})tion  ajqmrently  is  not  the  j)resence  or 
absence  of  the  barrier  of  normal  skin  but 
possibly  the  pH  of  the  environment.  At  acid 
pH’s  the  decom})osition  of  ammoniated 
mercury  is  hastened. 

The  literature  on  penetration  of  lead  .salts 
through  the  skin  was  critically  reviewed  by 
Laug  (22).  Laug  and  Kunze  (81),  with  great 
success,  used  storage  in  the  kidneys  (and  in 
other  organs)  for  a  measure  of  percutaneous 
absorption,  a  method  which  served  as  a 
“biological  magnifier”  for  absori)tion  of  mi¬ 
nute  quantities.  They  found  much  smaller 
quantities  of  lead  absorbed  from  lead  ace¬ 
tate,  lead  arsenate,  and  even  from  lead 
oleate  than  i^revious  authors  had.  Among 
the  industrially  important  lead  com])ounds 
tested,  only  the  volatile  lead  tetraethyl 
I)roved  to  be  absorbed  in  considerable 
amount  (81).  Fatalities  from  such  ab.sorj)- 
tmn  were  reiwrted  by  Piquet  and  Hemmeler 

Salts  of  lead,  tin,  coiq)cr,  arsenic,  bis¬ 
muth,  antimony,  and  mercury  lend  to  form 
compounds  with  the  fatty  acids  of  the  se¬ 
bum.  Thus  an  originally  lipid-insoluble  com¬ 
pound  in  aqueous  solution  may  he  trans- 
ormed  on  or  in  the  horny  laver  into  a  liT)id- 
soluble  melal  olcale.  The  perculaneous  ab¬ 


sorption  then,  quantitatively  dej)ends  on 
this  transformation.  The  same  reaction  may 
take  j)lace  outside  the  body  to  a  larger  ex¬ 
tent  if  the  heavy  metal  or  its  salt  is  in- 
cor{)oraled  in  ointment  bases  which  contain 
fatty  acids.  This  is  one  reason  for  the  in¬ 
creased  absorjition  of  heavy-metal  salts 
from  some  ointments  as  comj)ared  with  their 
absorj)tion  from  aqueous  solutions.  This  is 
certainly  the  case  with  mercury  (83)  but, 
according  to  Laug  and  Kunze  (81),  not 
necessarily  with  lead.  It  aj)pears  that  the 
chemical  transformation  of  mercury  can  be 
followed  even  microscojiically.  While  metal¬ 
lic  mercury  dro[)lets  can  still  be  seen  in  the 
upper  jmrt  of  the  follicle,  the  rounded,  shiny 
globules  tend  to  become  angular  and  dull 
I)articles  either  in  the  deeper  j)arls  of  the 
follicle  or  in  the  sebaceous  glands  (172,  173, 
175). 

For  absorj)lion  of  mercury,  Laug  el  al. 
(83)  also  established  the  following  facts:  (1) 
covering  the  inunction  site  increases  i)ene- 
tration  almost  fourfold  (see  ]).  52);  (2) 
there  are  no  regional  differences  in  pene¬ 
trability  of  the  skin,  at  least  not  in  the  case 
of  laboratory  animals;  (3)  penetration 
through  equal  percentages  of  the  total  body 
surface  is  the  same  for  the  rabbit  and  the 
rat;  (4)  if  after  inunction  the  excess  oint¬ 
ment  is  removed  from  the  skin  surface  (as 
was  i)roj)osed  for  ])racticing  “clean  inunc¬ 
tions”)  (27),  the  absorbed  amount  is  greatly 
reduced.  Halving  the  exj)osure  areas  reduces 
absorption  by  one-third. 


I.  F.VTTY  SUBSTANCES 


Animal  and  vegetable  fats  and  oils  enter 
the  pilosebaceous  a])paratus.  The  sebaceous- 
gland  cells  excrete  large  fat  droplets,  and 
thus  It  is  not  suri)rising  to  see  the  reverse 
process  take  place,  namely,  the  intake  of 
coarsely  dispersed  fat.  Mineral  fats  and  oils 
take  a  similar  route.  Eller  and  Wolff  (41) 
contirmed  jirevious  data  on  penetration  into 
sebaceous  glands  in  detailed  and  careful 
exjieriments. 


’  are  absorbed  into 

Ibe  general  circulation  in  any  ajipreciable 
amounts  without  being  decomiiosed  is  high- 
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ly  i)roblematic.  Lven  the  amounts  which 
enter  the  follicles  and  are  imbibed  by  the 
horny  layer  must  be  relatively  small.  Bern¬ 
hardt  and  Strauch  (122),  for  instance,  could 
recover,  without  appreciable  weight  loss, 
fats  which  had  been  applied  to  the  skin  for 
48  hours.  Even  if  their  work  was  objection¬ 
able  in  some  respects  (22),  it  indicates  that 
fatty  substances  do  not  enter  by  the  same 
mechanism  and  with  the  same  ease  as  do 
other  '‘lipid-soluble”  substances. 

I  assumed  (122)  that  absorption  of  fatty 
substances  is  poor  because  of  their  colloidal 
dispersed  state;  but  Laug  (22)  thought  that 
the  important  factor  is  their  insolubility  in 
water,  a  condition  incompatible  with  the 
modified  Overton  theory,  which  requires 
both  lipid-  and  water-solubility  for  a  sub¬ 
stance  to  be  absorbable.  Actually,  penetra¬ 
tion  even  into  the  pilosebaceous  appendage 
is  slower,  the  more  hydrophobic  the  fat  is: 
the  penetration  of  petrolatum  is  always  poor 
as  compared  with  that  of  triglycerides. 
Duemling  (37)  found  that  fats  themselves 
do  not  penetrate  deep  into  the  follicle  but 
that  the  addition  of  wetting  agents  pro¬ 
motes  their  descent.  However,  he  did  not 
demonstrate  directly  the  uj)take  of  fatty 
substances  into  the  general  circulation. 

The  first  step  in  clarifying  the  contro¬ 
versial  question  of  absorption  of  fatty  ma¬ 
terial  by  the  radioisotope  technic  was  made 
by  Barail  and  Pescatore  (11).  They  found 
that  if  the  U.S.P.  cold  cream  is  made  up 
with  spermaceti  which  is  labeled  with 
no  permeation  of  this  spermaceti  can  be 
demonstrated.  This  is  the  more  remarkable, 
because  sj)ermaceti,  consisting  mainly  of 
cetyl  palmitate,  is  one  of  the  fatty  ointment 
constituents  which  are  fairly  hydrophilic. 

J.  WATER-SOLUBLE,  LIPID-INSOLUBLE 
NONELECTROLYTES 

4'heoretically,  absorption  of  such  sub¬ 
stances  is  not  to  be  e.xpected  through  a 
membrane  which  is  impermeable  to  liquid 
water.  Exjierimentally,  it  has  been  sho\Mi 
that  sucrose  and  galactose  do  not  ])enetrate 


from  ointments,  and  it  is  probable  that 
glucose  does  not  either  (123).  It  is  regret¬ 
table  that  the  available  data  on  this  prob¬ 
lem  are  deficient  and  unsatisfactory. 

Immunologic  and  allergic  experiments 
seem  to  indicate  that  lipid-soluble  antigenic 
substances,  which  usually  are  large  mole¬ 
cules  or  molecule  aggregates,  may  enter  the 
skin  from  ointments  or  wet  packs  (165,  166, 
49,  75).  Such  results,  however,  were  ob¬ 
tained  only  after  rubbing  the  antigen  oint¬ 
ment  vigorously  into  the  skin  for  prolonged 
periods  of  time  or  on  shaved  skin.  It  is 
doubtful  whether  in  any  of  these  experi¬ 
ments  the  skin  could  be  regarded  as  intact. 
It  must  also  be  considered  that  in  the  sensi¬ 
tized  organism  traces  of  the  antigen  are 
sufficient  to  elicit  the  immunological  reac¬ 
tions  which  have  been  used  as  indicators 
for  the  absorption  of  the  antigens.  That 
their  absorption  is  not  great  in  amount  is 
indicated  by  recommendations  to  increase  it 
either  by  previous  treatment  of  the  skin 
with  both  benzene  and  petroleum  benzine 
or  by  electrophoretic  introduction  (123)  or 
by  the  use  of  penetrasols  of  Herrmann, 
Sulzberger,  and  Baer  (64). 

K.  GASES 

Substances  which  are  in  the  gaseous  form 
at  ordinary  temperatures  easily  penetrate 
the  skin,  with  the  remarkable  exception  of 
carbon  monoxide.  It  is  generally  assumed 
that  there  is  a  simple  diffusion  of  gases 
across  the  entire  skin  (epidermis  and  ap- 
])endages),  depending  on  the  difference  in 
concentration  or  in  vapor  tension  inside  and 
outside  the  skin  and  depending  on  the 
temperature  and  on  the  water-  and  fat- 
solubility  of  the  gas  (22).  Ease  of  percu¬ 
taneous  absorption  has  been  demonstrated 
for  the  following  gases:  oxygen,  nitrogen, 
helium,  carbon  dioxide,  ammonia  vaj)or, 
hydrogen  sulfide,  hydrogen  cyanide,  vapors 
of  nitrobenzene,  dinitrotoluene,  and  volatile 
aromatic  oils.  Absorption  of  carbon  tetra¬ 
chloride  through  the  skin  of  monkeys  and 
its  rapid  elimination  through  the  respiratory 
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tract  were  demonstrated  by  the  use  of  C*'*- 
labeled  carbon  tetrachloride  (13). 

Physiologically  most  important,  of  course, 
is  the  movement  of  oxygen  and  carbon 
dioxide  through  the  skin.  In  the  early  litera¬ 
ture  (127)  the  inward  diffusion  of  o.xygen 
through  the  skin  was  regarded  as  negligible 
and  unimportant  compared  with  the  oxygen 
uptake  through  the  lungs,  the  factor  being 
1:160.  Goldschmidt  et  al  (55),  however, 
found  that,  in  local  asphyxia,  oxygen  enters 
the  skin  from  an  oxygen-filled  plethysmo- 
graph  and  oxygenates  the  blood  in  the 
cutaneous  vessels.  This  is  in  line  with  greater 
penetration  if  greater  concentration  differ¬ 
ence  prevails,  and  it  shows  that  under  ab¬ 
normal  conditions  percutaneous  oxygen  up¬ 
take  may  have  biological  significance.  This 
view  has  been  strongly  supported  by  newer 
e.xperiments  of  Chambers  and  Goldschmidt 
(26).  They  showed  that  an  increased  amount 
of  oxygen  is  frequently  taken  up  by  the  lungs 
if  the  total  skin  surface  is  surrounded  by 
nitrogen  gas  instead  of  air.  The  interpreta¬ 
tion  was  that  if  the  body  is  deprived  of  a 
cutaneous  oxygen  supply,  a  compensatory 
mechanism  sets  in  in  the  respiratory  tract. 
Shaw,  Messer,  and  Weiss  (lv34)  found  that 
oxygen  is  absorbed  by  human  skin  even  in 
an  atmosphere  which  contains  less  than  0.5 
per  cent  oxygen.  These  authors  emphasized 
that  there  is  never  a  passage  of  oxygen  out¬ 
ward.  Still,  the  “irreciprocal”  permeability 
of  the  skin  for  oxygen  has  not  been  directly 
demonstrated  (cf.  chap.  24). 

The  passage  of  carbon  dioxide  outward 
and  inward  is  well  established  (127,  62). 
The  inward  penetration  from  aqueous  solu¬ 
tions  is  greater  than  that  of  the  dry  gas  (56, 
133).  Hediger  (62)  found  penetration  in¬ 
ward  at  room  temperatures  as  long  as  the 
water  in  his  chamber  contained  more  than 
4  per  cent  CO2.  If  the  concentration  was  less, 
carbon  dioxide  diffused  in  the  opposite  direc¬ 
tion  until  the  concentration  of  3.8  ])er  cent 
was  reached  in  the  chamber.  Kramer  and 
Sarre  (77)  obtained  similar  results.  Under 
physiological  conditions  the  carbon  dioxide 
moves  steadily  outward.  The  total  amount 
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of  CO2  escai)ing  through  the  total  skin  sur¬ 
face,  except  the  head,  of  an  adult  man  is  7-9 
gni.  in  24  hours  (127).  This  amount  suddenly 
and  abruptly  increases  when  the  temjiera- 
ture  is  raised  to  the  critical  temjierature  of 
visible  sweat  secretion  (127)  (p.  581). 

The  percutaneous  absoqition  of  gases 
which  are  foreign  to  the  body  has  been  stud¬ 
ied  in  numerous  publications  from  the 
toxicological  and  industrial-hygiene  ])oint 
of  view.  The  cajiacity  of  the  skin  and 
mucous  membranes  to  absorb  hydrogen 
cyanide  gas  was  dealt  with  by  Flury  and 
Wather  (46).  When  aqueous  solutions  of 
hydrogen  sulfide  are  applied  to  the  skin  in 
irritating  concentrations,  absorjition  is  rela¬ 
tively  smaller  than  in  low  concentrations 
(130).  Laug  and  Draize  (80)  were  able  to 
jioison  rabbits  by  e.xposing  9.3  per  cent  of 
the  body  surface  to  pure  hydrogen  sulfide.^ 
Experiments  with  aqueous  solutions  of  hy¬ 
drogen  sulfide  at  various  pH’s  (120)  have 
revealed  that  the  nondissociated  H2S  mole¬ 
cule  penetrates  better  than  do  the  SH“  or 
NaS~  ions.  Ammonium  sulfide,  however, 
seems  to  penetrate  better  than  hydrogen 
sulfide  (80).  If  elemental  sulfur  is  applied  to 
the  skin  in  ointment  vehicles,  its  absorption 
occurs  in  the  form  of  sulfides  (104,  106). 
Cases  of  poisoning  with  sulfur  ointments 
were  reported  as  having  signs  and  symptoms 
of  hydrogen  sulfide  poisoning  (sulf-hemo- 
globin  formation)  (12).  Lietha  (87),  working 
with  a  sulfurated  oil  (“thiorubrol”)  contain¬ 
ing  elemental  sulfur,  found  with  Biirgi’s 
method,  a  decrease  in  sulfur  concentration 
of  the  fluid  in  the  bell,  which  was  cemented 
to  the  skin,  and  an  increase  of  the  S  content 
in  the  blood.  In  one  instance  he  even  found 
the  glutathione  content  of  the  blood  to  be 
increased  after  percutaneous  application  of 
S  but  felt  that  this  finding  still  had  to  be 
confirmed.  I  he  percutaneous  absor])tion  of 
radon  was  mentioned  on  i)age  32.  This  gas 
penetrates  with  greater  ease  from  aqueous 
solutions  than  as  a  dry  gas  (72). 

vS.  Laug  (22)  is  in  error  when  he  believes  that 
1  attributed  HjS  poisoning  in  percutaneous  experi¬ 
ments  to  technical  imiierfections.  I  never  said  that. 
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XI.  PRACriC ABILITY  OF  PFR(' 

The  easy  penetration  of  lipid-soluble  hor¬ 
mones,  vitamins,  and  i)harmacologically  ac¬ 
tive  bases  revives,  time  and  again,  the  old 
problem  as  to  whether  percutaneous  applica¬ 
tion  of  drugs  has  any  advantage  over  the 
{)eroral  and  or  |)arenteral  ways.  Such  an 
advantage  is  present  if  one  wants  to  create  a 
slowly  but  steadily  increasing  level  of  the 
drug  in  the  blood  and  tissues  u])  to  a  certain 
ma.ximum,  which  may  then  be  kej)t  constant 
by  daily  inunctions.  In  the  ])ast  the  classical 
mercury  inunctions  in  the  treatment  of  syph¬ 
ilis  were  advocated  mainly  on  this  basis,  al¬ 
though  similar  absorption  rates  and  concen¬ 
trations  have  been  achieved  with  intramus¬ 
cular  injections  of  insoluble  salts  (“depot 
effect”).  Obviously, such  an  advantage  is  not 
sought  in  theadministration  of  hormones  and 
vitamins.  The  aim  of  such  theraj)y  is  satura¬ 
tion  of  the  deficient  organism.  The  satura¬ 
tion  may  be  achieved  through  the  adminis¬ 
tration  of  the  missing  factor  in  any  mode  of 
application,  and  the  S|)eed  of  absorj)tion  is 
of  no  great  importance.  If  anything,  rather 
rapid  absorption  is  desirable  in  vitamin  and 
hormonal  deficiencies.  Lately,  greatly  pro¬ 
longed  action  after  percutaneous  a])plication 
(as  contrasted  with  parenteral  injections) 
was  observed  by  Valette  and  Cavier  (158) 
for  estrogenic  hormone,  and  by  Bischler  ei  al. 

( 14)  for  oleate  of  atropine,  scojwlamine,  and 
hyoscine. 

Another  reason  for  ]>ercutaneous  drug 
application,  however,  is  to  create  a  higher 
concentration  of  the  drug  in  a  certain  region 
of  the  body.  It  has  been  claimed  that  such 
an  effect  occurs,  e.g.,  when  salicyl  ester 
preparations  are  rubbed  into  the  skin  locally 
above  the  painful  muscles  in  myalgia.  There 
is  little  doubt  that  introduction  of  a  drug 
into  the  skin  may  tem])orarily  cause  a  rela¬ 
tively  high  concentration  of  the  drug  in  the 

XII.  F.ACTORS  PROMOTING  I 

In  dealing  with  the  factors  [)romoting 
I)ercutaneous  absori)tion,  we  distinguish 
those  which  promote  absorption  without 
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tissues  close  to  the  site  of  apjilication,  al¬ 
though  this  never  has  been  conclusively 
demonstrated  in  reference  to  muscles.  When 
in  the  treatment  of  deep-seated  organs  local 
jiercutaneous  therapy  ajijiears  to  be  sujierior 
to  systemic  administration,  this  superiority 
results  from  local  vasomotor  refie.x  j)rocesses 
rather  than  from  higher  drug  concentrations. 

In  the  skin  itself  a  locally  higher  concen¬ 
tration  at  the  site  of  ajiplication  has  been 
unequivocally  proved  in  many  instances.  .-V 
classical  e.xample  is  the  unilateral  swelling 
(71)  and  unilateral  hyperpigmentation  (32) 
of  the  ni])])les  in  resjionse  to  unilateral  ap- 
])lication  of  estrogenic  hormone.  It  goes 
without  saying  that  the  princi])le  of  topical 
dermatotheraj^y  as  a  whole  rests  on  the 
creation  of  a  locally  high  concentration  of 
drugs  in  the  skin  without  a])preciable  sys¬ 
temic  effect.  There  can  be  no  doubt  that  this 
principle  can  be  put  into  ])ractice.  On  the 
other  hand,  in  dealing  with  lipid-soluble  ma¬ 
terials  one  should  always  be  aware  of  the 
I)ossibility  of  massive  absorj^tion  and  con¬ 
secutive  undesirable  systemic  effects.  A  par¬ 
ticularly  dangerous  feature  of  toj^ical  ap¬ 
plications  is  that  in  most  cases  the  absolute 
amount  of  the  drug  jdaced  on  the  skin  is 
not  measured. 

Among  the  widely  used  drugs  which  have 
been  rej)orted  lately  to  cause  systemic  i)oi- 
soning  after  percutaneous  ap{)lication  are 
the  “cold-wave”  materials  thioglycerol  and 
thioglycolic  acid  (36,  162),  the  antiscabious 
hexachlorocyclohe.xane  (102),  and  DDl 
(24).  Recently  much  attention  has  been  i)aid 
to  the  anticholinesterase  i)oisons,  which  are 
all  easily  absorbed  by  the  skin  (102).  Ab- 
sorption  of  DFP  containing  radioactive 
phosi)horus  has  been  followed  continuously 
with  an  elaborate  technic  by  Marrazzi  et  al. 
(61,  53)  in  rabbits. 
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any  damaging  effect  from  those  which  aj)- 
jiarently  break  down  the  eiiidermal  barrier, 
whereby  nonphysiological  conditions  are 
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created.  Within  the  first  group  two  types  of 
promoting  factors  are  conceivable:  factors 
promoting  Iransepidermal,  and  factors  jiro- 
moting  transfollicular,  absorption.  The  only 
factor  which  seems  to  jiromote  transepider- 
mal  absorption  is  moisture. 

A.  EFFECT  OF  VEHICLES 

Substances  soluble  in  both  water  and 
lipids,  such  as  salicylic  acid,  penetrate  with 
great  ease  from  aqueous  solutions  as  well  as 
from  ointments  or  from  fat  solvents.  The 
earlier  view  that,  in  general,  absorjition  from 
fats  (ointments)  and  from  fat  solvents  is 
more  rajiid  and  more  complete  has  proved 
to  be  not  always  true.  It  has  been  found,  for 
instance,  that  sex  hormones  are  better  ab¬ 
sorbed  from  aqueous  vehicles  than  from  oils 
(42,  109).  MacKee  et  al.  (93)  stated  that 
“various  substances  can  be  carried  through 
by  means  of  water,”  meaning  that  there  can 
be  considerable  absorption  from  aqueous 
solutions. 

.•\s  pointed  out  long  ago  (122),  a  survey  of 
the  available  data  clearly  indicates  that  the 
permeation  of  a  substance  depends  primarily 
upon  its  own  lipid-  and  water-solubility.  The 
kind  of  vehicle  in  which  it  is  incorjiorated 
and  the  solubility  of  the  substance  in  the 
vehicle  are  of  secondary  importance.  Or,  as 
e.xpressed  by  Bliss  (15) :  “The  properties  and 
])owers  of  the  drug  itself  rather  than  the 
ointment  vehicle  are  the  major  determining 
factors  in  absorption  from  the  skin.”  This 
does  not  mean  that  there  are  no  differences 
at  all  in  absorption  according  to  the  nature 
of  the  vehicle.  It  does  mean,  however,  that, 
once  a  substance  by  virtue  of  its  jihysical 
and  chemical  structure  is  unable  to  j)ass  the 
epidermal  barrier,  no  vehicle  will  be  able  to 
“carry”  it  through  the  epidermis.  In  the 
case  of  substances  which  penetrate  it  any¬ 
how,  the  vehicle  cannot  jday  a  decisive  role, 
because  the  penetration  is  rai)id  and  inde¬ 
pendent  of  the  carrier.  Thus  the  claim,  for 
instance,  that  one  certain  oil-in-water  emul¬ 
sion  increases  the  absori)tion  of  salicylic 
acid  forty  fold  as  comi)ared  with  other  oint¬ 
ment  bases  (103,  105)  was  rather  suri)rising 
and  could  not  be  confirmed  (142). 


Absorption 

Increase  of  absorption  by  choice  of  a 
suitable  vehicle  is  always  referable  to  pro¬ 
motion  of  transfollicular  absorption.  This 
])oint  is  well  illustrated  in  the  case  of  the 
absorj)tion-i)romoting  vehicles  of  MacKee 
et  al.  (93)  (p.  33).  None  of  their  vehicles 
was  shown  to  break  the  epidermal  barrier 
either  from  above  or  from  below.  On  the 
contrary,  when  they  promoted  absorption 
of  substances  which  otherwise  would  ajqrar- 
ently  not  enter  through  the  skin  or  would 
enter  in  nondemonstrable  traces,  the  effect 
was  achieved  by  increased  transfollicular 
absorption.  Shelley  and  Melton  (136)  con¬ 
firmed  that  these  bases  promote  the  absorp¬ 
tion  of  water-soluble  salts  of  biologically 
active  bases.  They  demonstrated  absorption 
of  pilocarpine  nitrate,  acetylcholine  chlo¬ 
ride,  ejiinephrine  hydrochloride,  and  hista¬ 
mine  phosphate  b}^  their  resjiective  bio¬ 
logical  action.  However,  characteristically, 
the  vasoconstrictor  effect  of  the  epinephrine 
salt  and  the  wheal  formation  in  response  to 
the  histamine  salt  were  strictly  perifollicular. 
These  authors  also  found  that  these  vehicles 
do  not  jiromote  absorption  from  palms  and 
soles,  which  have  no  follicles,  and  that  there 
is  greater  absorption  from  more  hairy  parts 
than  from  parts  with  less  hair.  The  situation 
is  similar  with  potassium  iodide,  which  in 
aqueous  solutions  penetrates  through  the 
follicles  only  in  traces  but  can  be  forced 
through  in  larger  amounts  by  rubbing  it  in 
with  ointments  (112). 

The  mechanism  whereby  a  vehicle  mav 
promote  transfollicular  absorption  is  essen¬ 
tially  twofold.  The  first  is  an  increase  in 
wetting.  It  is  based  on  diminishing  the  sur¬ 
face  tension  between  the  liquid  and  the 
follicular  ])ore  and  between  liquid  and  air, 
so  that  dro])let  formation  is  counteracted 
and  a  continuous  surface  layer  can  be  main¬ 
tained  at  the  liquid  solid  boundary.  The 
second  is  the  mechanical  factor  of  bringing 
the  material  into  more  intimate  contact 
with  the  follicular  pore  or,  more  than  that, 
of  ])ressing  it  into  the  follicular  canal  with 
dis])lacement  of  air.  1  hereliy  incorporated 
substances  are  brought  more  rapidly  and  in 
larger  amounts  to  the  absorbing  surface  of 
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th6  scbaccous-gland  cells  and  follicular  side 
walls  than  is  possible  with  other  vehicles. 
I  he  latter  effect  is  best  achieved  by  supple 
ointments,  which  can  be  spread  over  the  skin 
in  a  continuous  thin  layer.  If  such  an  oint¬ 
ment  is  applied  with  pressure,  the  gas  bub¬ 
bles  adherent  to  the  pores  escape  sideways; 
deeper  in  the  follicles  and  gland  ducts  they 
become  compressed  and  absorbed.  This, 
then,  is  an  entirely  different  situation  from 
that  of  af)plications  in  baths  or  with  wet 
dressings.  If  the  ointment  is  tough,  tena¬ 
cious,  stiff,  or  sticky,  it  cannot  be  well 
spread,  pressed,  or  massaged  and  will  not 
promote  absorption  (122, 123,  79).  The  oint¬ 
ment  bases  themselves  })enetrate  into  the 
follicular  openings  only,  and  therefore  they 
can  increase  the  absorption  of  incorporated 
substances  only  via  this  route.  There  is  no 
evidence  that  either  ointments  or  any  other 
kind  of  ‘"vehicle”  may  serve  as  a  transporta¬ 
tion  medium  into  the  cell  itself  (123,  140). 
On  the  contrary,  data  are  available  that 
vehicle  and  incorporated  substance  are  sepa¬ 
rated  from  each  other  in  the  follicle  and  are 
absorbed  at  different  rates  of  speed  (172, 
173). 

After  attention  was  directed  to  the  sepa¬ 
ration  of  drug  and  vehicle,  the  idea  arose 
that  it  might  be  advantageous  in  promoting 
absorption  to  choose  vehicles  which  do  not 
bind  the  incorporated  drug  too  strongly,  be¬ 
cause  the  drug  has  to  separate  from  the  base 
before  it  enters  the  cells.  It  was  assumed 
that  the  greater  the  tendency  to  separation, 
the  more  intense  is  the  absorption  (123, 
153).  This  idea  has  held  sway  up  to  recent 
times  and  seemed  to  be  suj)ported  also  by 
clinical  experience.  However,  the  princi])le 
of  easy  release  cannot  be  driven  too  far:  if  a 
solid  substance  is  entirely  insoluble  or  re¬ 
mains  undispersed  in  the  vehicle  in  other 
words,  if  it  is  not  “bound”  by  the  vehicle  at 
all — the  coarse  j)articles  will  not  penetrate, 
or  their  penetration  will  dei)end  on  the  par¬ 
ticle  size.  Finely  distributed  solid  material 
penetrates  better  than  larger  particles  of  the 
same  substance.  This  was  shown  for  calomel 
by  Laug  el  al.  (78) .  The  partial  success  of  the 
principle  of  separation  of  drug  from  vehicle 


certainly  militates  against  the  older  idea 
that  the  drug  is  carried  all  the  way  by  the 
vehicle. 

B.  OIL-IN-WATER  EMULSIONS 

Oil-in-water  emulsions  deserve  special 
mention  because  of  the  claim  that  they 
would  greatly  promote  percutaneous  ab¬ 
sorption  of  incorporated  drugs.  What  actual¬ 
ly  has  been  proved  beyond  doubt  concerning 
these  “washable  bases”  is  that  denuded  and 
oozing  surfaces  are  much  better  penetrated 
by  bactericidal  compounds  from  such  vehi¬ 
cles  than  from  greasy  bases.  The  cause  of  the 
inferior  effect  of  greasy  bases  is  obviously  a 
physical  one:  the  moist  surface  is  not  misci¬ 
ble  with  the  grease,  and  therefore  the  drug 
has  insufficient  contact  with  the  wound  sur¬ 
face.  One  often  sees,  24  hours  after  a  greasy 
ointment  layer  has  been  applied  to  the 
broken  skin  with  a  dressing,  that  the  oint¬ 
ment  is  completely  separated  from  the  moist 
surface.  Eisner  (40)  showed  that  layers  of 
oil  as  thin  as  0.07  mm.  effectively  hinder  the 
penetration  of  aqueous  solutions  of  electro¬ 
lytes. 

Zheutlin  and  Fox  (174)  measured  the 
amount  of  water-soluble  drugs  released  from 
various  bases  into  a  surrounding  aqueous 
buffer  solution  resembling  extracellular 
fluid.  They  found  the  release  of  the  drugs 
from  water-miscible  bases  and  from  oil-in- 
water  emulsions  to  be  50  to  100  times  great¬ 
er  than  their  release  from  greasy  bases  and 
from  water-in-oil  emulsions. 

Concerning  promotion  of  penetration 
through  intact  skin,  the  washable  bases  did 
not  fulfil  expectations.  After  great  initial 
enthusiasm  it  was  found  that  it  makes  little 
difference  in  the  rate  of  absorption  whether 
oil-in-water  or  water-in-oil  emulsions  are 
used  as  vehicles.  This  was  shown  for  sul¬ 
fonamides  by  Strakosch  and  Clark  (144) 
and  for  mercury  by  Laug  el  al.  (82).  Of 
course,  negative  results  indicate  only  that, 
in  general,  no  sujieriority  can  be  attributed 
to  a  vehicle  according  to  the  type  of  emul¬ 
sification.  A  dispersed  aqueous  phase  in  a 
continuous  oily  phase,  as  represented  by  the 
traditional  cold  creams,  are  not  necessarily 
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inferior  to  washable  bases  in  which  the  oily 
phase  is  dispersed  and  the  aqueous  phase  is 
continuous.  However,  many  of  the  washable 
bases  contain  wetting  agents,  and  mixed 
with  some  emulsion  bases  these  agents  may 
have  a  considerable  promoting  effect  on 
absorption  (37,  82).  But  even  the  wetting 
agents  do  not  always  have  a  demonstrable 
effect.  None  was  found  by  Strakosch  and 
Clark  (144)  for  sulfonamides,  and  none  by 
Shelley  and  Melton  (137)  for  histamine  base 
and  histamine  salts.  Zopf  et  al.  (97),  in¬ 
vestigating  absorption  of  potassium  iodide 
and  of  phenolsulfophthalein  from  various 
bases  by  the  intact  skin  of  albino  rats,  found 
no  promoting  action  of  the  wetting  agent 
“Tergitol  4.”  However,  they  did  find  definite 
differences  among  the  vehicles  in  their  pro¬ 
moting  effect  on  absorption  of  the  two  com¬ 
pounds  tested  in  the  following  order:  car- 
bowax  >  hydrophilic  ointment  U.S.P.  > 
white  ointment  U.S.P.,  i.e.,  a  decreasing 
order  with  decreasing  “washability.” 

From  reviewing  the  vast  literature  on  the 
problem  of  vehicles  it  becomes  evident  that 
different  bases  are  optimal  for  various  sub¬ 
stances  and  that  there  is  not  much  point  in 
searching  for  the  best  type  of  vehicle.  There 
is  only  one  quite  general  rule,  and  that  is 
that  a  vehicle  containing  fatty  substances 
should  be  supple. 


C.  ORGANIC  SOLVENTS  AND 
ESSENTIAL  OILS 

The  use  of  organic  solvents,  such  as  ethe 
chloroform,  benzene,  petroleum  benzin 
and,  to  a  lesser  degree,  alcohol,  usually  ei 
hances  percutaneous  absorption.  Thej 
solvents  in  themselves  increase  the  permej 
bihty  of  the  skin  by  attacking  lipid  buildin 
stones  of  the  cell  membranes  (123).  If  th 
skin  is  treated  with  such  solvents  in  ac 
vance,  previous  to  the  absorption  exper 
ment,  increased  absorption  is  subsequent! 
observed  from  aqueous  solutions  as  well  a 
from  any  other  vehicle.  Whether  the  bursi 
mg  of  the  hpid  frame  concerns  epidermi 
cells  or  whether  the  effect  may  remain  n 
stricted  to  sebaceous-gland  cells,  so  tha 
only  transfolhcular  absorption  is  promote! 


has  not  been  investigated.  Organic  solvents 
may  promote  absorption  to  a  moderate 
degree  also  by  dissolving  sebum  on  the  skin 
surface  and  in  the  jiilosebaceous  apparatus 
and  thereby  improving  conditions  for  wet¬ 
ting  and  penetration. 

Luduena  et  al.  (89)  found  a  pronounced 
promoting  effect  of  a  solvent  mixture  con¬ 
sisting  of  diethylene  glycol  monethyl  ether 
and  octyl  alcohol  on  the  absorption  of 
mecholyl  and  epinephrine  salts,  but  not  for 
other  drugs.  They  agree  with  Rothman  and 
Flesch  (126)  that  “choosing  a  substance  to 
which  the  skin  is  completely  impermeable, 
one  will  be  unable  to  enforce  absorption 
with  any  kind  of  ointment.”  Miescher  (98) 
noted  that  absorption  of  lipid-insoluble  ma¬ 
terials  is  not  promoted  from  organic  sol¬ 
vents. 

Terpenes  and  terpene  derivatives  in  es¬ 
sential  oils  have  been  claimed  to  promote 
absorption.  Macht  (91)  found  wintergreen 
oil  very  effective  as  a  solvent  for  other  lipid 
substances;  and  Valette  and  Valet te  and 
Cavier  found  that  water-soluble  salts,  as 
well  as  lipid-soluble  substances  are  better 
absorbed  if  dissolved  in  eucalyptol  than 
from  alcoholic  solutions  (156,  157,  158,  159). 

D.  PHYSIOLOGICAL  STIMULATION 

Physiological  stimulation  of  the  skin 
leads  to  a  reversible  decrease  of  the  electrical 
pseudo-resistance,  which  indicates  revers¬ 
ibly  increased  permeability  within  the  epi¬ 
dermis  (p.  21).  Actually,  increased  ab¬ 
sorptivity  due  to  jihysiological  stimulation 
was  demonstrated  in  the  frog’s  skin  in  a 
great  number  of  e.xperiments;  and  there  can 
be  little  doubt  that  in  lower  forms  of  verte¬ 
brates  and  in  invertebrate  animals  the  varia¬ 
bility  in  the  permeability  of  the  skin  has 
paramount  significance  in  the  percutaneous 
uiitake  of  food  and  in  the  excretion  of 
metabolic  end-products.  For  mammals,  how¬ 
ever,  though  the  permeability  of  the  epi¬ 
dermis  changes  on  physiologic  stimulation 
increased  absorptivity  under  the  effect  of 
such  stimulation  has  not  been  demonstrated 
Obviously,  with  the  phylogenetic  develop¬ 
ment  of  the  animal  kingdom,  absorption  and 
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excretion  through  the  skin  have  gradually 
lost  more  and  more  of  their  physiological 
significance  (122). 

A  “stimulation,”  however,  which  in  its 
intensity  goes  beyond  the  ])hysiological 
boundary,  causing  an  injury  from  which  the 
tissue  does  not  recover  in  a  few  minutes  but 
the  repair  of  which  requires  several  hours, 
will  measurably  increase  jiermeability  in 
mammals  also.  Under  the  influence  of  ultra¬ 
violet  light,  for  instance,  there  is  an  in- 
travitally  increased  diffusion  of  trypan  blue 
(38),  diffusion  of  calcium  salts  from  connec¬ 
tive  tissue  into  the  e])idermis,  and  increased 
penetration  of  weak  alkalies  (50).  Even  in 
these  instances  the  increased  permeability 
was  observed  within  the  skin  and  not  for 
substances  penetrating  from  the  outside. 
Hitherto  the  breakage  of  the  epidermal  bar¬ 
rier  could  be  demonstrated  by  absorption 
experiments  only  in  cases  of  frank  patho¬ 
logical  irritation  of  the  skin. 

E.  ELECTROPHORESIS 

“Electrophoresis”  was  suggested  as  a 
term  to  designate  the  transj)ort  of  sub¬ 
stances  through  the  skin  by  direct  electric 
current  (122,  123,  76).  “Electrojdioresis,” 
meaning  merely  electrical  transfer,  does  not 
involve  any  assumption  concerning  the 
mechanism  of  this  transport.  The  exjires- 
sions  “ion  transfer”  and  “iontojihoresis 
imply  that  only  ions  are  transferred  in  one 
direction  or  the  other,  depending  on  their 
charges,  llowev'er,  if  a  galvanic  current  is 
sent  through  the  body,  in  addition  to  ion 
transfer  we  also  have  to  deal  with  (a)  cata- 
j)horesis,  i.e.,  transportation  of  nondissoci- 
ated  molecules  and  colloids,  and  {b)  electro¬ 
osmosis,  i.e.,  shifting  of  water  through  a 
membrane  structure  with  an  electrical 
charge  (p.  11)- 

By  applying  a  galvanic  current  to  the 
skin,  substances  can  be  introduced  into  the 
circulation  which  otherwise  would  not  ])ene- 
trate  or  would  do  so  only  in  traces.  ns 
effect  is  achieved  without  any  demonstrable 
injury  and  with  as  low  electric  densities  as 
0.1  M.A./sq  cm.  The  technic  of  clinica 
elect rojihoresis  has  often  been  described 


(123,  22,  76).  The  method  was  rediscovered 
again  and  again  as  a  theraj)eutic  tool  and 
was  believed  to  accomidish  more  than  other 
methods  of  aiqilication.  In  spite  of  some 
interesting  results — e.g.,  mecholyl  ionto- 
])horesis  in  perijiheral  vascular  diseases — 
the  therapeutic  achievements  of  electro- 
jihoresis  have  been  rather  meager.  The 
reason  jirobably  is  that  galvanic  current 
transports  drugs  quickly  into  the  blood.  The 
only  instance  in  which  prolonged  remanence 
in  the  skin  was  reported  after  electrojiho- 
resis,  as  comjiared  with  other  methods  of 
introduction,  is  the  observation  of  Abram¬ 
son  and  Gorin  (4),  who  found  histamine  to 
stay  in  situ  for  1  week.  This  was  con¬ 
cluded  from  the  observation  that  secondary 
wheals  could  be  jiroduced  at  the  original 
site  of  electrolytic  histamine  introduction  1 
week  later,  when  “wet  cotton”  was  placed 
on  the  original  site  and  an  electric  current 
was  sent  through.  This,  of  course,  does  not 
prove  that  the  originally  introduced  hista¬ 
mine  was  still  there. 

As  long  as  there  is  no  damage  to  the  skin 
by  the  current  itself,  the  promotion  of  ab- 
sorj)tion  by  electrophoresis  is  via  the  fol¬ 
licles  and  possibly  the  sweat-gland  ducts. 
W'ater-soluble  substances  are,  so  to  speak, 
I)ulled  through  these  appendages,  and  the 
rapidity  of  absorption  is  often  dramatic. 
This  was  demonstrated  by  LGluc  in  1900 
(84).  A  rabbit  painted  with  a  solution  of 
strychnine  nitrate  survived  this  treatment 
without  the  slightest  signs  of  poisoning, 
whereas  another  rabbit  into  which  the  same 
solution  was  introduced  electrophoretically 
died  in  a  few  minutes  from  strychnine  poi¬ 
soning.  The  increase  of  absorption  through 
aiipendages  is  obviously  tremendous. 

When  substances  are  introduced  into  the 
skin  electrojihoretically,  ion  transfer,  cata- 
phoresis,  and  electro-osmosis  are  involved. 
If  the  biologically  active  jiart  of  an  electro¬ 
lyte  is  a  cation,  the  drug  is  applied  at  the 
iKisitive  pole  (anode),  and  the  cation  wil 
travel  toward  the  negative  pole,  i.e.,  toward 
the  inside  of  the  body.  The  inactive  anion 
will  travel  in  the  ojiposite  direction,  i.e., 
from  the  soaked  gauze  to  the  metal  elec- 
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trode.  Conversely,  a  substance  with  an  ac¬ 
tive  anion  will  penetrate  to  the  inside  of  the 
body  from  the  negative  pole  (cathode).  Cor- 
resjwndingly,  metal  ions  and  organic  bases 
are  introduced  from  the  positive  pole; 
iodide  and  bromide  and  other  anions  from 
the  negative  pole. 

Electro-osmosis  and  cataphoresis — the 
transport  of  the  liquid  as  a  whole— interfere 
with  this  simple  mechanism  (117).  The  skin 
has  a  negative  charge,  and  therefore  electro¬ 
phoresis  will  effect  a  movement  of  water  into 
the  body  from  the  positive  pole  and  toward 
the  outer  surface  of  the  skin  at  the  negative 
pole.  A  gross  sign  of  this  movement  of  water 
is  a  shrinking  of  the  skin  pores  at  the  posi¬ 
tive  pole  and  a  swelling  at  the  negative  after 
intensive  electrophoresis.  In  case  of  cation 
transfer  from  the  positive  pole,  electro- 
endosmosis  acts  in  the  same  direction,  thus 
facilitating  the  absorption  of  the  cation. 
The  anion  transfer  from  the  negative  pole, 
however,  is  counteracted  by  electro-osmosis, 
which  elicits  a  movement  in  the  opposite 
direction.  Difficulties  encountered  in  the 
introduction  of  dye  anions  (“acid  dyes”) 
were  interpreted  as  being  due  to  lack  of 
electro-osmosis  in  the  same  direction  (117). 

The  role  of  electro-osmosis  was  proved  by 
experiments  indicating  that  any  factor 
which  furthers  electro-osmosis  also  favmrs 
electroj)horetic  introduction  from  the  posi¬ 
tive  pole.  Such  factors  are  the  addition  of 
sucrose  or  of  alcohol  to  aqueous  solutions. 
These  factors  are  unfavorable  for  ion  trans¬ 
fer  but  enhance  electro-osmosis.  Conversely, 
high  salt  concentration  or  acidification  has 
an  opposite  effect;  both  are  unfavorable 
for  electro-osmosis  and  hinder  permeation 
through  the  skin  from  the  jiositive  jiole 
ni7).  In  contrast  to  cation  introduction, 
the  entrance  of  anions  is  furthered  if  electro¬ 
osmosis  is  suppressed  by  the  addition  of 
acids,  of  multivalent  cations,  or  of  con¬ 
centrated  salt  solutions.  The  addition  of 

sucrose  or  alcohol  inhibits  the  entrance  of 
anions  (117). 

Rein’s  inter, .relation  of  the  mechanisms 
regulating  elect rojihoresis  was  found  to  be 
unsatisfactory  by  Abramson  and  (ffirin  (4, 


3).  These  authors  found  that  negative  dyes 
enter  with  as  much  ease  from  the  cathode 
as  do  positive  dyes  from  the  anode.  How¬ 
ever,  they  actually  did  not  demonstrate 
penetration  of  dyes,  only  ujitake  of  dyes  by 
the  sweat-gland  pores  (p.  33).  They  also 
found  that  an  electrojihoretically  separated, 
homogeneous,  negatively  charged  single 
component  of  a  ragweed  allergen  could  be 
introduced  from  the  positive  pole,  and  this 
finding  was  hard  to  interpret  on  the  basis  of 
either  ion  transfer  or  cataphoresis.  There¬ 
fore,  the  authors  developed  a  theory  that,  in 
addition  to  iontophoretic  and  electro- 
osmotic  velocities,  a  diffusion  velocity  factor 
comes  into  operation  after  the  electro¬ 
osmosis  has  displaced  the  air  with  liquid,  so 
that  a  “liquid  bridge”  is  in  contact  with  the 
liquid  on  the  outside  of  the  skin  and  with  the 
gels  and  fluids  in  the  skin.  Diffusion  sets  in 
wherever  concentration  gradients  exist. 

Because  electrophoresis  enables  us  to 
introduce  substances  into  the  skin  without 
appreciable  traumatization  and  because  the 
dosage  can  be  well  standardized,  it  is  a 
valuable  tool  for  experimental  work.  Lately 
it  has  been  extensively  used  in  quantitative 
experiments  on  the  effects  of  analgesics, 
antipruritics,  antihistaminics,  etc.  (115, 
135).  It  has  also  been  recommended  for 
diagnostic  purposes,  mainly  for  the  intro¬ 
duction  of  allergens  (1,  138). 

F.  EFFECT  OF  CONCENTRATION 

No  increased  absorption  of  sulfonamides 
can  be  obtained  by  increasing  the  concen¬ 
tration  of  the  conqiound  from  1  to  10  ])er 
cent  in  the  vehicle  (143).  Similarly,  it  was 
found  that  the  concentration  of  mercury  in 
different  preparations  (82)  has  very  little 
influence  on  the  rate  of  jiercutaneous  ab- 
soqition.  The  reason  jirobably  is  that  with 
these  nonjihysiologic  substances,  even  in  the 
lowest  concentrations  tested,  the  difference 
between  outside  and  inside  concentration 
IS  large  enough  to  warrant  the  maximal 

possible  rate  of  speed  of  the  inward  move¬ 
ment. 

In  contrast  to  these  observations,  vreat 
differences  were  found  in  the  whcaling  reac- 
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lions  to  0.1,  1, 5,  and  10  ])er  cent  solutions  of 
percutaneously  introduced  histamine  base 
and  histamine  salts  (137).  The  cause  for  the 
difference  might  be  this:  Sulfonamides  and 
mercurials  were  applied  for  considerable 
j)eriods  of  time  with  or  without  dressings, 
whereas  histamine  was  rubbed  in  for  1 
minute.  Histamine  is  rapidly  decomposed 
within  the  skin;  the  other  drugs  are  metab¬ 
olized  slowly.  Thus  the  arrangement  with 
histamine  represents  an  acute  experiment  in 
which  histamine  enters,  reacts  with  the 
blood  vessels,  and  disappears  in  an  extremely 
short  time,  no  matter  how  long  the  whealing 
reaction  lasts.  The  strength  of  the  reaction 
depended  on  the  amount  of  histamine  which 
the  rubbing  allowed  to  enter  within  1 
minute.  Moreover,  like  any  biological  reac¬ 
tion,  histamine  whealing  requires  a  mini¬ 
mum  threshold  concentration.  This  is 
around  1 : 1,000,000  (see  p.  142),  and  appar¬ 
ently  this  concentration  was  not  reached  at 
the  capillary  wall  when  0.1  per  cent  con¬ 
centrations  were  applied  to  the  skin  in 
Shelley’s  experimental  arrangement. 


G.  EFFECT  OF  MOISTURE 

Two  o])posite  views  have  been  prevalent 
in  this  problem.  From  what  was  said  about 
relative  impermeability  of  the  ejiidermis  to 
water  from  the  outside  and  about  rete  cells 
not  being  influenced  by  maceration  of  the 
horny  layer,  one  would  assume  that  mois¬ 
ture  on  the  outside  does  not  promote  trans- 
epidermal  absorption.  On  the  other  hand,  it 
has  been  a  long-standing  clinical  experience 
that  watertight  covering  of  the  skin  surhme 
promotes  percutaneous  absorption.  I  he 
keratolytic  and  acantholytic  effects  of  sali¬ 
cylic  acid,  for  instance,  undoubtedly  dimm¬ 
ish  by  using  vehicles  in  the  order  of  decreas¬ 
ing  o'cclusive  effect,  such  as  jilaster  >  col¬ 
lodion  >  ointment  >  jiaste  >  lotion  > 
aqueous  and  alcoholic  solutions.  4’he  ab¬ 
sorption-promoting  effect  of  occlusion  has 
been  attributed  to  the  suppression  of  in¬ 
sensible  water  loss  and  subsequent  imbibi¬ 
tion  of  water  by  the  skin,  iiarticular  y  since 
it  was  shown  that  these  vehicles  decrease 
insensible  water  loss  in  the  same  order,  n 


1921  I  found  that  insensible  water  loss  is 
decreased,  on  the  average,  by  vSO  jier  cent  if 
ointments,  by  25  ])er  cent  if  pastes,  and  not 
at  all  if  dusting  powders,  are  applied  to  the 
skin  (121).  Laug  et  al.  (79),  too,  find  that 
occlusion  brings  about  a  more  favorable 
situation  for  the  penetration  of  some  sub¬ 
stances. 

That  moisture  jilays  a  decisive  role  in 
transejiidermal  absorption  was  assumed 
after  it  was  noted  that  much  more  severe 
lesions  develoj)  on  human  skin  if  vesicant 
gases — mustard  and  nitrogen  mustards — 
are  ajijilied  to  wetted  skin  than  to  dry  skin, 
and  after  this  was  demonstrated  under 
experimental  conditions  by  Renshaw  (118) 
and  by  ("11110111111110  (30).  A  similar  observa¬ 
tion  was  made  by  Thomson  et  al.  (150)  for 
lewisite;  they  tested  the  decontaminating 
effect  of  different  dithiols  on  the  vesicant 
action  of  lewisite  and  found  that  the  pro¬ 
tecting  effect  of  BAL  is  much  greater  at 
63°  F.  and  37  per  cent  humidity  than  at 
86°  F.  and  50  per  cent  humidity. 

Whereas  lewisite  penetration  might  be 
transfollicular,  mustard  and  nitrogen  mus¬ 
tards  certainly  penetrate  directly  into  the 
epidermis  (p.  39).  This  promotion  of  ab¬ 
sorption  by  moisture  remains  unexplained. 
It  is  known,  however,  that,  in  contact  with 
water,  mustards  transform  to  various  highly 
soluble,  reactive,  and  toxic  intermediary 
products  before  the  inactive  end-products  of 
the  water-mustard  reactions  are  formed 
(52,  7).  Thus  it  is  feasible  that  more  intense 
reactions  in  the  presence  of  moisture  are  not 
due  to  increased  absorjition  but  to  chemical 
changes  of  the  material.  Judgment  should 
be  withheld  until  it  is  shown  that  substances 
which  do  not  react  with  water  are  shown  to 
Tienetrate  the  ejiidermis  better  111  the  jires- 
ence  of  moisture  than  through  a  dry  skin 


surface.  ^ 

Evidence  concerning  the  ])ronioting  ettec 

„f  moislure  on  transfollicular  I’""" 

was  nresenled  by  I.aug  cf  uf-  (S')- 
(lemonslraled  lhal  the  absorption  of  mer¬ 
cury  is  increased  nearly  fourfold  by  covering 
the  site  of  inunction.  The  authors  assume 
that  the  cover  acts  by  interfering  wi  1  ^ 
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normal  escaj)e  of  moisture:  moisture  j)ro- 
(luces  softening  and  maceration  of  the  horny 
layer  and  thus  creates  a  condition  favorable 
for  retention  of  substances  in  close  contact 
with  the  skin  (86).  Possibly  an  observation 


of  Shelley  and  Melton  (137)  also  belongs 
here.  They  found  a  prolonged  effect  of 
histamine  when  the  solution  applied  to  the 
skin  was  covered  so  that  evaporation  of 
water  was  inhibited. 
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r.  MORPHOLOGICAL  CONSIDKRATIONS 


A.  THE  CUTANEOUS  VASCULAR  SYSTEM 

HE  Structural  basis  of  cutaneous  blood 
supply  in  man  was  established  by  the 
early  work  of  Si)alteholz  (260,  261).  As 
shown  in  Figure  1,  the  skin  is  supplied  from 
the  underlying  tissue  by  a  large  number  of 
arteries.  In  places  where  the  skin  is  movable, 
these  arteries  are  sinuous  and  able  to  sup{)ly 
blood  even  when  greatly  stretched.  They 
originate  from  a  richly  anastomosing,  ir¬ 
regular  plexus  in  the  deepest  part  of  the 
corium  (“cutaneous  arterial  network”). 
From  here,  single,  })artly  straight,  partly 
arched  and  branching,  arterioles  ascend 
j)eri)endicularly  through  the  corium  and 
anastomose  in  the  u})per  corium,  to  form  the 
subpapillary  arterial  j)lexus,  with  oblong 
meshes  more  or  less  i)arallel  to  the  papillary 
ridges.  The  meshes  are  0. 2-2.0  mm.  in 
diameter,  but  relatively  smaller  in  regions 
which  are  usually  exj)osed  to  i)ressure,  such 
as  hand  and  foot. 

From  the  subpapillary  plexus,  still  small¬ 
er  arteries  spring  to  supply  the  papillary- 
capillaries  (Fig.  2).  These  “terminal  arteri¬ 
oles”  do  not  anastomose.  Each  of  them  sup¬ 
plies  a  small,  variable  number  of  pajrillae. 
In  the  plantar  region  the  area  supjdied  by 
single  ascending  arterioles  is  between  0.04 
and  0.27  sq.  mm. 

The  capillary  loop  in  the  papilla  has  a 
narrow  arterial  limb.  The  tip  of  the  loop  and 
the  venous  limb  measure  0.02  mm.  or  more 
in  diameter.  The  length  of  a  cai)illary  loop  is 
0. 2-0.4  mm.  The  number  of  capillary  loops 
per  unit  area  differs  greatly  in  different  re¬ 
gions.  Wetzel  and  Zotterman  (282)  counted 
64  per  square  millimeter  on  the  dorsum  of 
the  hand,  47  on  the  forearm,  16  on  the 
cheek,  and  20  on  the  circumoral  region.  The 
small  number  of  capillary  loops  in  the  cheek 
IS  compensated  for  by  their  larger  size;  but 
this  is  not  the  case  for  the  skin  in  the  perioral 
region.  Nesterow  (212)  found  the  following 
regional  differences  in  number  of  papillarv 
capillaries  per  cubic  millimeter  of  skin:  hand 
and  forearm,  44;  shoulder,  27;  chest,  23- 


forehead,  25;  cheek,  19;  lips,  26;  thigh,  29; 
leg  and  foot,  41. 

The  venous  limbs  of  the  papillary  capil¬ 
laries  combine  to  form  venules,  which,  in 
turn,  form  the  first  subpapillary  venous 
j)lexus  just  below  the  papillae.  The  veins  of 
this  plexus  are  narrow,  their  diameters  being 
only  a  few-  hundredths  of  a  millimeter.  This 
jilexus  is  connected  by  short  anastomoses 
with  a  second  venous  network  lying  below 
the  first  one  in  the  level  of  the  subpapillary 
arterial  plexus  and  still  consisting  of  veins 
with  a  rather  narrow  lumen.  Deeper  in  the 
corium  there  are  two  more  venous  plexuses 
with  large  meshes  (see  Fig.  1).  Finally,  be¬ 
tween  dermis  and  subdermis  large  veins  are 
seen,  some  of  them  having  valves. 

.According  to  Spalteholz  (260,  261),  if 
we  disregard  the  anastomoses  between 
strong  arterioles  and  large  veins  (true 
arteriovenous  anastomoses,  p.  77),  the  ar¬ 
terial  and  venous  sides  of  the  vascular  sys¬ 
tem  communicate  only  in  the  papillae.  This 
certainly  is  not  the  case.  In  the  fashion  of 
arteriovenous  anastomoses  on  a  microscale, 
terminal  arterioles  have  direct  connections 
with  muscular  venules,  and  blood  may  flow 
either  through  these  shunts  or  through  the 
capillary  bed  (186).  Capillary  circulation 
may  be  present  even  within  the  venous  sys¬ 
tem.  In  deeper  layers  of  the  skin  Krogh 
(170)  observed  small  venules  branching  off 
from  and  returning  to  larger  veins,  w-hich, 
being  simple  endothelial  tubes,  acted  like 
capillaries.  Beyond  that,  as  revealed  in  the 
work  of  Chambers,  Zweifach,  and  their  as¬ 
sociates  (295,  296,  297,  59,  298,  299,  255), 
the  capillary  bed  of  the  skin  (as  well  as  that 
of  the  mesentery,  gut,  skeletal  muscle,  and 
glands)  has  a  number  of  distinct  structural 
elements  which  regulate  the  capillary  flow. 

Zweifach  (299)  and  more  recently  Schorr 
(2oo)  described  the  architecture  of  the  small 
vessels  (Fig.  3).  The  terminal  arteriole,  a 
vessel  with  a  distinct  muscular  coat  gives 
rise  to  a  central  preferential  or  thoroughfare 
channel,  the  metarteriole.  This  vessel  is  sur- 


Fig.  1.— a  diagram  of  ihe  skin  and  its  vessels,  showing  the  arrangement  of  the  arterial  and  venous  plexuses  at  various 
levels  (after  Spalteholz).  From  Lewis  (186).  (Reproduced  by  permission  of  Clinical  Science.) 
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rounded  by  a  single  layer  of  smooth-muscle 
cells  for  some  length  in  its  course.  The  chan¬ 
nel  represents  the  most  direct  route  from  the 
arterial  to  the  venous  circulation.  It  gives 
off  some  offshoots  with  a  few  muscle  cells 
around  them,  the  so-coWeA  precapillary 
sphincters.  They  have  a  strategic  location 
which  enables  them  to  control  the  flow  of 
blood  entering  the  so-called  “true”  capil¬ 
laries.  The  latter  arise  from  the  precapillary 
sj)hincters,  but  they  themselves  are  non- 
contractile  endothelial  tubes  which  join  with 
one  another  to  form  collecting  venules. 
Iflood  from  the  preferential  channel  and 
from  the  capillaries  flows  into  the  same 
venule.  Periodic  constriction  and  dilatation 
of  metarterioles  and  precapillary  sphincters 
constantly  affect  the  ca])illary  blood  flow. 
This  arrangement  j)ermits  comi)lete  re¬ 
moval  of  the  true  ca})illaries  from  the  active 
circulation,  without  interfering  with  the 
flow  through  the  preferential  channels. 


to  the  skin  as  a  sign  of  a  relatively  low  meta¬ 
bolic  rate  of  the  skin.  However,  one  should 
not  forget  the  high  projwrtion  of  supi)orting 
tissue  in  the  skin  as  com{)ared  with  that  of 
muscle,  which  exi)lains  this  “low-grade  me- 


Fio.  2. — Pajjillary  cai)illarics  an<l  subpapillary 
])lexus  (after  Spalteholz).  From  Muller  (209j.  (Re¬ 
produced  by  permission  of  I".  Enke.) 


I  he  vascular  surface  av'ailable  for  the  ex¬ 
change  of  substances  between  blood  and 
tissue  in  human  skin  is  relatively  small,  be¬ 
ing  somewhere  between  1  and  2  sq.  cm!  per 
square  centimeter  of  skin  surface.  Even 
vvhen  the  whole  capillary  surface,  including 
the  venous  limbs,  is  assumed  to  serve  ex¬ 
change  of  substances,  the  total  “cai)illarv” 
surface  still  falls  far  short  of  the  cai)illary 
surface  m  muscles,  and  the  average  distance 
rom  tissue  elements  to  blood  vessels  is  much 
larger  in  the  skin  than  in  the  muscles.  Krogh 
(1/0)  regards  the  low  level  of  blood  supply 


tabolism.”  According  to  Krogh  (170),  the 
blood  supply  to  the  skin  is  far  less  variable 
than  it  IS  in  the  muscle  when  rest  and  exer¬ 
cise  alternate. 

B.  STRUCTURE  OF  C.VPILLARIF.S 

1  he  knowledge  of  the  structure  of  simifle 
endothelial  cajiillary  tubes  and  the  mecha¬ 
nism  regulating  their  iiermeability  has  been 
greatly  promoted  by  the  work  of  Chambers 

guish  three  structural  components  in  the 
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capillary  tubes:  (1)  endothelium  per  se,  con¬ 
sisting  of  cells  in  a  pavement-like  arrange¬ 
ment,  connected  with  one  another  by  an 
intercellular  cement;  (2)  an  inner  non- 
cellular,  endocapillary,  thin  lining  him,  ])os- 
sibly  derived  from  circulating  proteins;  and 
(3)  an  outer  supporting  matrix  consisting  of 
a  delicate  sheath  of  argentophil  fibers.  There 
is  evidence  that  the  endothelial  cells  elabo¬ 
rate  the  intercellular  cement  and  that  the 
cement  is  continually  washed  away  and  re¬ 
formed.  Calcium  ions  are  required  for  the 
maintenance  of  the  cement  substance  in  a 
normal  state.  Perfusion  of  the  capillaries 
with  fluids  free  of  calcium  salts  leads  to 
softening  of  the  cement  and  to  a  great  in¬ 
crease  in  capillary  permeability.  Softening 
of  the  cement  is  associated  with  an  in¬ 
creased  stickiness,  which  can  be  demon¬ 
strated  by  the  addition  of  carbon  jiarticles 
to  the  perfusion  fluid.  The  particles  adhere 
to  the  intercellular  cement  but  not  to  the 
surface  of  the  cells.  Like  lack  of  calcium, 
lowering  of  the  pH  in  the  perfusion  fluid  also 
softens  the  cement.  Distention  of  a  capillary 
tube  involves  increased  permeability  by  in¬ 
creasing  the  pore  size  in  the  porous  cement 
material. 

The  presence  of  an  inner  lining  is  required 
for  the  maintenance  of  physiological  ])erme- 
ability.  Perfusion  of  gum  acacia  solutions, 
for  instance,  removes  this  layer  and  causes 
leakage  of  fluid,  with  edema  formation.  The 
addition  of  serum  to  the  perfusion  fluid  re¬ 
stores  normal  permeability. 

The  findings  of  Chambers  and  Zweifach 

II.  DIRECT  OBSERV.VnON  OF 

Iflood  flow  through  cutaneous  capillaries 
can  be  observed  directly  in  animals  and 
man  by  appropriate  oi)tical  arrangements. 

In  animals  the  most  often  studied  regions 
have  been  the  web  of  the  frog’s  foot  and  the 
ear  of  the  rabbit.  The  latter  became  par¬ 
ticularly  suitable  for  continuous  observation 
through  the  development  of  the  glass-cham¬ 
ber  method  by  Sandison  (251),  the  Clarks 
(63),  and  Ebert  et  at.  (10).  Frog  web  and 
rabbit’s  ear  can  be  transillummated  through 


(60)  made  it  possible  to  explain  rationally 
the  mode  of  action  of  intravenous  injections 
of  calcium  salts  in  acute  inflammatory  skin 
diseases,  a  widely  used  therapeutic  pro¬ 
cedure.  In  view  of  Chambers  and  Zweifach ’s 
work,  its  effect  can  be  interjireted  as  restora¬ 
tion  of  damaged  cement  substance  which 
serves  the  “densification”  of  the  capillary 
vessel  wall. 

Capillary  vessel  walls  have  the  physical 
characteristics  of  inert  nonsecreting  mem¬ 
branes,  permeable  to  gases,  water,  and 
crystalloids  but  relatively  impermeable  to 
plasma  proteins.  Landis  (177)  has  calculated 
that  endothelial  cells  are  at  least  100  times 
more  permeable  to  small  molecules  than  are 
other  living  cells  in  the  body.  Chambers  and 
Zweifach  assumed  that  normal  diffusion  oc¬ 
curs  largely  through  the  intercellular  cement 
substance,  which  is  continually  replaced; 
under  pathological  conditions,  when  the 
cement  becomes  soft  and  sticky,  the  permea¬ 
bility  increases  to  such  a  degree  that  pro¬ 
teins  can  filter  through.  However,  isotope 
experiments  of  Cowie,  Flexner,  and  Wilde 
(73)  indicated  that  water,  chloride,  and 
sodium  do  not  escape  by  way  of  the  inter¬ 
cellular  cement  alone  but  that  the  whole 
capillary  wall  is  permeable  to  water  and  salt. 
In  any  case,  the  structure  of  caifillaries  per¬ 
mits  them  to  ])erform  their  most  important 
function,  viz.,  outward  diffusion  of  oxygen, 
water,  electrolytes,  and  other  material  essen¬ 
tial  for  cellular  metabolism  and  inward 
diffusion  of  carbon  dioxide  and  metabolic 
end-products. 

FLOW  IN  MINUTE  VESSELS 

their  entire  thickness.  In  man,  so-called 
“capillary  microsco])y”  is  ])0ssible  only  l)y 
the  use  of  reflected  light.  The  skin  must  be 
covered  with  oil,  in  order  to  create  a  smooth 
surface  with  maximal  reflection  (2()fi). 

In  man  a  truly  satisfactory  study  of  ca])- 
illary  circulation  is  ]K)Ssible  only  at  the  base 
of  the  nail,  because  this  is  the  only  area  in 
which  the  iiapillary  caiiillaries  he  horizon¬ 
tally,  parallel  to  the  surface,  so  that  the  ca]>- 
illary  looi>s  can  be  seen  in  their  entirety  with 
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Objections  have  often  been  made  to  gen¬ 
eralizations  drawn  from  observ'ations  on  the 
base  of  the  nail,  this  area  being  an  “exposed” 
part  of  the  body  surface  and  being  in  an 
“acral”  region.  It  certainly  differs  greatly  in 
its  circulation  from  that  of  the  trunk  and 
higher  parts  of  the  extremities,  mainly  be¬ 
cause  of  the  i)rominent  role  of  arteriovenous 
anastomoses  in  the  acral  areas  (p.  77). 
Nevertheless,  basic  physiological  facts  have 


illary  microscope  in  vivo  is  not  the  vessel 
])roj)er  but  the  flow  of  the  cellular  axis. 
Changes  in  caliber  of  the  vessels  are  as¬ 
sumed  when  the  thickness  of  this  axis 
changes.  Examining  the  flow  at  the  base  of 
the  nail,  one  sees  a  rapid  and  pulsating  flow 
in  the  arterioles  and  a  very  slow  flow  in  the 
cainllaries,  with  little  or  no  pulsation.  In  the 
veins  the  flow  becomes  slightly  more  rapid 
than  that  seen  in  the  capillaries.  In  capillary 
tubes  with  diameters  larger  than  that  of 


capillaries  at  the  base  of  the  fingernail.  From 
Dr.  Gilje  and  the-\merican  Medical  Association.) 


Gilje  (122).  (Reproduced  by  permission  of 


been  established  by  observation  of  the  cap¬ 
illary  circulation  at  the  base  of  the  nail. 

In  other  parts  of  the  body  surface,  al¬ 
though  the  cajhllary  looj)  of  the  j)ai)ilia  is 
not  seen  in  its  entirety,  capillary  microscopy 
can  still  be  })racticed  with  more  or  less  suc¬ 
cess,  as  shown  mainly  by  O.  Muller  and  his 
group  (20b).  It  is  true  that  only  the  tij)  of  the 
dome  of  the  loop  is  visible  in  those  capillaries 
which  stand  with  their  long  axes  at  right 
angles  to  the  surface.  However,  many  of 
them  are  lying  in  an  oblique  direction,  so 
that  parts  of  the  looj)  may  be  seen  by  direct 
observation. 

As  pointed  out  by  Krogh  (170)  and 
others,  what  is  actually  observed  in  the  cap- 


two  red  corjiuscles,  the  erythrocytes  flow  in 
an  axial  stream.  Occasionally  leukocytes  can 
be  seen  outside  the  axial  red  stream,  flowing 
with  rolling  movements.  In  veins  a  periph¬ 
eral  plasmatic  and  central  erythrocytic  zone 
can  be  clearly  distinguished;  scattered  leu¬ 
kocytes  are  found  here  with  greater  regu¬ 
larity,  traveling  outside  the  axial  stream 
more  slowly  than  red  cells.  In  all  larger  ves¬ 
sels  It  can  be  seen  that  the  axial  stream  of 
red  corjiuscles  is  laminated  concentrically 
the  central  lamina  jiasses  along  most  rapid¬ 
ly,  and  each  additional  one-cell  layer  passes 
more  slowly  than  the  one  inside  it 

In  capillaries  which  are  so  narrow  that 
red  cells  contact  the  wall,  there  is  no  separa- 
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tion  of  the  stream  into  zones.  The  corpuscles 
often  pass  in  single  file  and  are  squeezed  out 
of  shape  as  they  progress.  Krogh  (170)  stud¬ 
ied  in  detail  the  deformations  of  red  corpus¬ 
cles  under  such  circumstances,  as  well  as  at 
vascular  arborizations,  and  found  that  they 
have  a  high  degree  of  plasticity  and  elastic¬ 
ity.  Complete  blockage  of  cajiillaries  by  red 
cells  does  occur  but  lasts  only  a  short  while. 

In  single  capillaries  the  flow  becomes  re¬ 
tarded  and  accelerated.  The  flow  may  stop 
entirely  for  from  one  to  several  seconds, 
either  simultaneously  in  all  ca])illaries  of  the 
microscopic  field  or  only  in  small  groui)S  or 
even  in  single  capillaries  (209).  Wherever 
the  flow  is  greatly  slowed  down,  the  cor- 
])uscles,  having  no  plasma  between  their 
surfaces,  become  agglutinated  by  mutual 
attraction  and  adhesiveness.  This  is  counter¬ 
acted  by  a  faster  flow,  as  soon  as  it  sets  in. 
The  packing  of  coiqjuscles  at  a  temi)orary 
stasis  of  flow  is  more  frequently  seen  in  the 
frog  than  in  man. 

Sometimes  a  capillary  ap])ears  to  have  a 
“granular”  content  and  then  suddenly  “dis¬ 
appears,”  indicating  that  it  has  emptied  its 
contents;  but  soon  it  is  filled  up  again  (209). 
().  Muller  (209)  found  that  this iflienomenon 
occurs  rhythmically  in  cai>illaries  of  the  nail 
base  in  man. 

In  inflamed  tissues  the  capillaries  are 


maximally  dilated,  the  flow  is  slowed  down, 
and  dia])edesis  of  er>9hrocytes  and  migra¬ 
tion  of  leukocytes  through  the  vessel  wall 
can  be  observed.  The  red  cor{)uscles  slip 
through  the  wall  smoothly  as  if  there  were  a 
hole;  sometimes  they  first  bulge  the  capil¬ 
lary  wall  and  then  are  suddenly  seen  outside 
the  vessel.  The  integrity  of  the  wall,  hovv- 
ever,  is  restored  rapidly:  after  a  few  seconds 
red  coriiuscles  pass  intravascularly  ])ast  the 
T)oint  where  diapedesis  was  observed  before. 
Leukocytes  first  become  adherent  to  the 
wall,  then  change  their  shape,  and  slowly 
pass  through  the  endothelium  by  means  of 
pseudopods.  This  is  active  penetrahon  as 
contrasted  with  the  passive  diapedesis  of  red 
corpuscles.  As  after  extravasation  of  red  cor¬ 
puscles,  the  wall  is  readily  restored  after 
penetration  of  leukocytes  through  the  wall. 


Intravascular  formation  of  red  corpuscle 
“sludges”  was  studied  in  great  detail  by 
Knisely  and  co-workers  (163)  as  an  anomaly 
occurring  in  a  great  number  of  jmthologic  • 
states  in  man,  including  ])ractically  all  se¬ 
vere  systemic  diseases.  Most  observations 
were  made  on  the  obliquely  illuminated 
bulbar  conjunctiva,  but  there  is  evidence 
that  the  same  jihenomenon  also  occurs  in 
cutaneous  capillaries  and  in  capillaries  of 
internal  organs. 

Essentially,  the  sludge  formation  repre¬ 
sents  an  intravascular  agglutination  of  red 
corpuscles,  based  j^robably  on  the  formation 
of  an  abnormal  ])rotein  coating  around 
them,  whereby  their  surfaces  become  sticky 
and  cell  masses  are  formed.  The  aggluti¬ 
nated  masses  may  move  along  with  the 
plasma,  but  they  also  may  settle  and  inter¬ 
mittently  shut  off  small  vessels.  The  coated 
cell  masses  are  easily  ingested  and  destroyed 
by  phagocytes.  In  any  case,  resistance  of 
sludged  blood  to  its  own  flow  may  con¬ 
siderably  reduce  the  rate  of  flow.  Among 
diseases  which  are  of  dermatologic  interest, 
extensive  burns,  different  forms  of  shock, 
Buerger’s  disease,  granuloma  inguinale,  ma¬ 
lignant  hyi)ertension,  and  even  half  of  all 
normal  pregnancy  cases  show  sludged  blood 
in  the  capillary  vessels. 

Stickiness  of  blood  cells  can  also  be  pro¬ 
voked  by  experimental  injury.  The  Clarks 
(65)  have  shown  for  the  ca])illaries  in  the 
rabbit’s  ear  that  in  intact  vessels  red  cor¬ 
puscles  and  white  cells  do  not  stick  either  to 
each  other  or  to  the  cai)illary  wall.  Under 
the  influence  of  graded  injury,  however,  first 
single  leukocytes  and  later  whole  layers  of 
them  stick  to  the  wall.  In  higher  degrees  of 
injury,  when  the  capillaries  become  dilated, 
bulged,  sacculated,  and  leaky,  the  red  cor- 
iHiscles  also  become  sticky,  and  the  vessels 
are  packed  with  masses  of  agglutinated 
erythrocytes.  Recently,  Ebert  and  Barkley 
(93)  studied  these  phenomena  in  detail  in 
acute  and  chronic  inflammatory  jirocesses. 

A  most  imiiortant  general  feature  of  cap¬ 
illary  circulation  is  the  iiermanent  variation 
in  the  number  of  open  capillaries  in  a  given 
field  of  observation.  Some  widely  opener 
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capillaries,  in  which  the  flow  was  rapid  a 
moment  earlier,  disai)pear  from  the  field, 
and  at  the  same  time  capillaries  hitherto  in¬ 
visible  suddenly  sjiring  into  view.  Krogh 
(170)  was  the  first  to  emphasize  the  func¬ 
tional  role  of  these  changes  in  the  regulation 
of  the  oxygen  supply  to  the  tissues.  In  tis¬ 
sues  and  organs  at  rest,  the  majority  of  the 
capillary  vessels  are  closed,  whereas  during 
activity  all  or  most  capillaries  open  up. 
Starving  cells  will  obtain  their  nourishment 
when  the  nearest  capillaries  open  up.  The 
variation  in  number  of  open  capillaries  has 
been  observed  in  animal  and  human  skin,  as 
well  as  in  most  internal  organs  studied. 
While  Krogh  (170)  interpreted  these 
changes  as  due  to  active  capillary  contrac¬ 
tion,  Chambers  and  Zweifach  (59,  299)  em¬ 
phasize  that  capillaries  behave  like  i)assive 
tubes.  The  circulation  of  blood  in  them  de¬ 
pends  on  periodic  contractions  of  the  pre¬ 
capillary  s{)hincters.  Clark  and  Clark  (66) 
found  less  conspicuous  spontaneous  contrac¬ 
tions  of  minute  vessels  in  the  rabbit’s  ear 
than  Krogh  (170)  and  his  group  did. 

The  view  that  there  is  a  great  variability 
of  circulation  in  human  cutaneous  capil¬ 
laries,  due  to  alternate  opening  and  closing 
of  single  branches,  was  opposed  by  Lewis 
(186).  He  was  of  the  opinion  that  in  human 
skin  a  decrease  or  increase  in  rate  of  flow  is 
obtained  by  change  of  flow  “through  the 
capillaries  as  a  whole,  rather  than  by  open¬ 
ing  of  additional  or  closing  down  of  re¬ 
dundant  cai)illary  channels.”  He  thought 
that  in  the  human  skin  the  minute  vessels 
always  act  together  as  a  ifliysiological  unit 
and  that,  when  “opening”  and  “closing”  of 
individual  capillaries  is  spoken  of,  too  much 
prominence  is  given  to  small  and  i)articular 
elements  })icked  out  of  the  complex  mesh- 
work  of  minute  vessels.  Lewis  even  thought 
that  i)ossibly  human  skin  capillaries  have  a 
unique  position  because,  in  addition  to  the 
nutrition  of  tissues,  cutaneous  caifillaries 
also  have  the  important  function  of  disi)ers- 
ing  heat  from  the  body  surface.  From  this 
point  of  view,  said  Lewis,  it  might  be  more 
advantageous  to  have  many  cai)illaries  open 
all  the  time.  .-Vs  contrasted  with  data  of 


Krogh’s  school,  Lewis  found  only  about  12 
per  cent  of  the  cutaneous  caj)illaries  invisible 
at  a  time. 

Notwithstanding  Lewis’  arguments,  the 
cons})icuous  and  continual  ojiening  and  clos¬ 
ing  of  the  single  capillary  loops  in  the  ])aj>il- 
lary  bodies  of  human  skin  has  been  rejiorted 
on  the  basis  of  direct  observation  so  fre¬ 
quently  (57,  38,  209)  that  there  is  no  reason 
to  believe  that  circulation  in  the  paj>illary 
capillaries  in  man  is  basically  different  from 
that  in  other  mammals.  Bordley  et  al.  (38) 
observed  marked  intermittency  of  flow  in 
the  capillaries  of  the  skin  over  the  tibia  in 
man.  They  even  saw  two  capillaries  arising 
from  the  same  arteriole  alternate  with  each 
other  in  jiermitting  the  passage  of  red  cor¬ 
puscles.  Findings  on  changes  in  the  number 
of  ojien  ca])illaries  following  vasodilator 


TABLE  1 


Before 

Bath 

After 

Bath 

Upper  arm . 

Thigh . 

8-10 

20-30 

20-40 

60-80 

stimuli  m  human  skin  also  militates  against 
the  view  of  Lewis.  For  instance,  O.  Muller 
(209)  quoted  data  on  the  number  of  open 
capillaries  before  and  after  a  warm  carbon 
dioxid^water  bath  in  the  natural  spa  sjiring 
water  of  “Nauheim  Sprudel”  (Table  1). 

In  acute  inflammatory  processes,  all  visi¬ 
ble  minute  vessels,  papillary  capillaries,  and 
subpapillary  plexuses  are  wide  open,  the 
flow  is  rapid,  and  the  background  of  the 
microscopic  field  has  a  diffusely  red  tinge 
(209).  In  cyanotic  skin,  for  instance  in  acro- 
asi)hyxia  or  in  perniosis,  the  subpai)illary 
vpious  plexus  is  enormously  dilated.  The 
dilatation  extends  uj)  to  the  venous  limb  of 
the  papillary-capillary  loop.  The  arterial 
limb  and  the  arterioral  plexus  are  nar¬ 
rowed  Complete  cessation  of  flow  alternates 
with  slow,  sluggish,  or  even  pendulum-like 
movements  (98). 

I  he  cajullary-microscojiic  j^icture  of  tel- 
aiigiectases  (and  even  of  uninvolve<l  skin  in 
cases  of  essenlial  lelangiectasia)  sliows  lor- 
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Fig.  5.— Nail-fold  capillaries  in  lupus  erythematodes.  From  (lilje  (122).  (Reproduced  hypermission  of 
Dr.  Gilje  and  the  American  Medical  Association.) 
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tuosilies  and  dilatations  of  small  vessels 
(200,  257).  Lichen  i)ilaris  is  often  associated 
with  cyanosis,  ])articularly  in  the  cold.  Aj)- 
])arently,  this  cyanosis  is  caused  by  ])ressure 
exerted  by  the  keratotic  follicular  i)lug  on 
the  perifollicular  vessels.  It  has  been  claimed 
(209)  that  the  capillary-microscopic  picture 
of  such  areas  is  characterized  by  a  dilatation 
of  the  dome  of  the  papillary-capillary  loops. 

Many  attempts  were  made  to  utilize  cap¬ 
illary  microscopy  in  the  diagnosis  of  diseases 
in  general  (209)  and  of  diseases  of  the  skin  in 
particular.  The  latest  and  probably  most 
successful  work  in  this  field  has  been  that  of 
Clilje  (120,  121,  122).  He  found  rather  char¬ 
acteristic  changes  of  the  nail-fold  capillaries 
in  lupus  erythematodes.  As  contrasted  with 
the  picture  in  normals  (Fig.  4,  p.  65),  the 
loops  are  uneven  in  height  and  sha})e,  both 
arterial  and  venous  limbs  are  greatly  dilated 
(Fig.  5)  and  the  stream  is  slow  and  granular. 
Such  changes  in  the  nail-fold  capillaries  have 
been  present  not  only  in  the  disseminate 
systemic  disease  but  also  in  the  discoid  form 
of  lupus  erythematodes.  Thus,  even  chronic 


localized  lujms  erythematodes  may  well  be  a 
general  vascularized  disease.  The  capillary- 
microsco})ic  finding  fits  the  observations  of 
Huff,  Taylor,  and  Keys  (152),  who  found 
slow  reflex  vasodilatation,  increased  crest 
times,  and  obliteration  of  the  dicrotic 
notches  with  the  photoelectric  plethysmo- 
graph  in  the  chronic  form  of  this  disease; 
and  they  concluded  that  the  chronic  form, 
too,  may  be  accompanied  by  general  vascu¬ 
lar  changes. 

Another  example  of  characteristic  patho¬ 
logical  findings  is  the  picture  in  psoriatic 
plaques  as  described  by  Gilje  (120,  121,  122). 
Here  the  tips  of  the  capillary  loops  in  each 
papilla  are  curled  into  balls.  In  lichen  planus 
papules  an  irregular  central  field  is  sur¬ 
rounded  by  regularly  arranged,  hairpin¬ 
shaped,  slender,  slanting  capillary  loops.  In 
polycythemia  vera  a  peculiar  elongation, 
loop  formation,  and  curving  of  the  nail-fold 
capillaries  was  observed  (Fig.  6).  Gilje  has 
utilized  the  capillary-microscopic  technic 
also  for  study  of  the  surface  relief  of  the  skin 
(120,  121,  122). 


HI.  THE  COLOR  OF  THE  SKIN  .\S  INFLUENCED  BY  CIRCULATION 


The  color  of  the  skin  surface’  is  deter¬ 
mined  by  the  color  of  the  surface  layers  of 
the  epidermis,  by  the  amount  and  distribu¬ 
tion  of  pigments,  and — particularly  in  the 
white  race— by  the  filling  of  the  capillary 
vessels.  The  contribution  of  the  circulating 
blood  to  the  color  of  the  surface  is  easily 
demonstrated  when  a  circumscribed  spot  is 
made  anemic  by  glass  pressure  (“diascopy”) 
or  by  introduction  of  a  drop  of  dilute  ej)i- 
nephrine  solution.  If  this  is  done,  a  creamy- 
white  color  results  which  is  distinctly  differ¬ 
ent  from  the  color  of  normal  skin. 

The  amount  of  filling  of  the  ])ai)illary 
cai)illanes  contributes  little  to  the  color, 
partly  because  of  their  relatively  small  ex¬ 
tent,  i)artly  because  only  the  dome  of  the 
looj)  faces  the  surface.  Decisive  for  the  color 
IS  the  state  of  the  subpai)illary-cai)illary 
plexus.  This  is  a  rich,  dense  conglomerate  Jf 

1-  Sec  also  chap.  22. 


capillary  vessels  in  which  blood  flows  pre¬ 
dominantly  parallel  to  the  surface. 

The  tint  caused  by  increased  filling  of  the 
sub]>apillary  capillaries  depends  on  the  oxy¬ 
gen  saturation  of  the  blood.  The  tint  is  vivid 
red  (  flushed  skin”)  when  the  blood  is  well 
o.xygenated,  but  cyanotic  if  oxygen  is  lack¬ 
ing.  WTether  the  vivid  red  color  is  different 
when,  in  addition  to  the  capillaries,  super¬ 
ficial  arterioles  also  dilate  has  not  been 
established,  but  there  is  some  evidence  (p. 
80)  that  the  red  color  deepens  with  addi¬ 
tional  dilatation  of  arterioles. 

It  is  an  important  and  often  emphasized 
fact  that  no  conclusions  can  be  drawn  from 
the  skin  color  about  either  the  rate  of  blood 
flow  or  the  temiierature  of  the  skin.  Redness 
or  paleness  of  the  human  skin  depends  upon 
the  quantity  of  blood  present  in  the  sub- 
l)apillary  })le.xus,  i.e.,  upon  whether  the  ves¬ 
sels  are  filled  or  empty,  while  the  tempera¬ 
ture  of  the  skin  dejiends  chiefly  on  the  rate 
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of  flow  through  the  whole  skin.  The  skin  can 
be  warm  and  ])ale.  This  is  the  case  when 
arteries,  arterioles,  and  venules  are  dilated 
but  the  sub])a])illary  cai)illaries  are  not.  In 
such  situations  the  blood  flow  through  the 
skin  is  increased  many  fold,  and  the  surface 
temperature  is  considerably  elevated,  but 
there  is  still  no  visible  hyperemia.  Blood 


7.— Mottling  (“cutis  marmorata”) 


may  flow  through  the  skin  very  fast,  with 
only  the  jireferential  channels  of  the  caji- 
illaries  (2W)  being  ojien  or  even  faster 
through  the  shunts  Ijetween  metartcnoles 
and  venules.  It  more  or  all  of  the  precapil- 
larv  sphincters  oi>en  Ijecause  of  high  |>res- 
sure  from  afjove  or  for  some  other  reason, 
l,lood  will  rush  through  the  whole  subpaitif- 
lary-capillary  l.ed,  and  the  skin  wd  become 
re<l  'f'he  rate  of  lilood  flow  and  the  sk  n 
temperature,  Itowever,  are  not  substantial  y 
influenced  liy  the  capillaries  liemg  open  or 

closed. 


On  cooling,  arterioles  and  metarterioles 
are  contracted,  but  many  ca])illaries  and 
venules  are  open.  In  this  case  the  skin  be¬ 
comes  cyanotic  because  the  How  is  slow  and 
the  oxygen  of  the  blood  is  used  up  to  an  un¬ 
usual  extent.  On  exposure  to  more  intense 
cold,  however,  when  there  is  complete 
sto]>page  of  flow  with  maximum  opening  of 
the  capillaries,  a  flushed  color  may  result 
because  the  metabolism  of  the  skin  tissue  is 
depressed  so  much  by  the  cold  that  there  is 
no  appreciable  consumption  of  o.xygen  086). 
Thus  the  same  flushed  color  may  be  ])resent 
at  rapid  flow  (in  flushed  and  warm  skin)  and 
in  complete  stasis  (in  flushed  and  cold  skin). 

W'hen  blood  is  pressed  out  from  a  cyanot¬ 
ic  area  and  anemia  has  resulted  and  when, 
afterward,  the  pressure  is  released,  the  cya¬ 
notic  color  recovers  slowly  by  S[)reading 
from  the  perijfliery  to  the  center.  This  is  in 
contrast  to  the  momentary  and  com])lete  re¬ 
reddening  of  spots  which,  before  ])ressure 
was  exerted,  were  in  a  state  of  active  hyper¬ 
emia  with  increased  blood  flow  and  open 
capillaries  (186). 

Mottling,  consisting  of  irregular  red  and 
white  spots,  is  sometimes  seen  in  different 
skin  areas,  most  frequently  on  the  ]->alms. 
While  earlier  authors  believed  that  the  sites 
of  anemic  and  hyperemic  sjwts  in  this  mot¬ 
tling  change  continuously,  corresponding  to 
an  alternating  o])ening  and  closing  of  capil¬ 
lary  circuits,  Lewis  (186)  emphatically 
claimed  that  red  and  white  spots  have  a 
very  constant  ])Osilion.  .He  observed  mot¬ 
tled  areas  for  many  months,  charting  the 
pattern  of  mottling,  and  found  that  white 
spots  may  become  ])ink  or  red  but  that  later 
the  pallor  returns  and  has  the  same  contours 

as  it  had  before.  _  .-if 

Some  i)ersons  disjflay  a  special  kind  ot 
mottling  on  trunk  and/or  extremities,  con¬ 
sisting  of  rhomboidal,  square,  or  irregularly 
shaiied  pale  sjiots,  each  several  centimeters 
in  diameter,  encircled  by  a  darker  reticulum 
the  lines  of  which  are  f-.f  mm  m  width 
(Fig.  7)-  Tliis  mottling  was  called  cutis 
marmorata”  because  it  was  reminiscent  o 
the  surface  pattern  of  marble.  It  is  more 
marked  in  cool  environment:  in  the  cold,  the 
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meshwork  becomes  either  slightly  pink  or, 
more  often,  cyanotic.  The  reticulum  cor¬ 
responds  to  areas  in  which  the  capillaries 
are  relatively  more  dilated  than  in  the 
pale  spots.  Again,  in  the  studies  of  Lewis 
(186)  this  pattern  showed  considerable  sta¬ 
bility. 

The  reticulum  seems  to  be  more  vulnera¬ 
ble  to  inflammatory  stimuli  than  do  the 
paler  spots  in  between,  possibly  because  of 
the  more  open  state  of  the  vessels  in  the 
reticulum.  The  reticular  type  of  inflamma¬ 
tion  was  called  “livedo  racemosa”  or,  better, 
“inflammatio  cutis  racemosa”  (183).  Fur¬ 
thermore,  the  reticulum  has  a  greater  tend¬ 
ency  to  become  pigmented,  with  or  without 


In  contrast  to  those  forms  of  mottling 
which  are  obviously  based  on  a  develoj)- 
mental  anomaly  of  the  cutaneous  vascular 
system  and  are  not  connected  with  any  i>ar- 
ticular  disease,  there  is  a  form,  usually  called 
“livedo  reticularis,”  which  develops  in  adult 
life,  chiefly  on  legs  and  feet,  as  a  conse¬ 
quence  of  arteriolar  disease.  Barker  et  at.  (19) 
discussed  this  condition  in  detail,  and  a 
great  number  of  cases  of  this  kind  has  been 
reported  since  their  jmblication  (236,  216, 
256).  “Development”  of  cutis  marmorata  in 
caisson  disease  was  reported  by  .Aldao  (12). 
Such  “develoiiment”  either  occurs  in  jier- 
sons  who  have  latent  cutis  marmorata  when 
their  venous  jiressure  is  increased  or  could 


Fio.  8. — Bier’s  white  spots.  pressure  of  30  mm.  Hg  having  been  thrown  upon  the  veins  of  the  forearm 
for  5  minute,  the  circulation  to  forearm  and  hand  was  then  sto])ped  by  forcing  the  armlet  i)ressure  far  above 
systolic  blood  pressure.  The  photograjdi  shows  the  condition  of  the  arm  20  minutes  later.  Room  tem])erature 
19°  C.  The  skin  of  the  forearm  and  hand  below  the  armlet  was,  for  the  most  part,  dee]5  i)urple  in  color  and 
l)resented  innumerable  white  spots,  irregular  in  size  and  form.  The  small  dark  spots  are  freckles.  From  Lewis 
(186).  (Reproduced  by  permission  of  Clinical  Science.) 


jtreccding  inflammation.  Tlie  pattern  of 
reticular  ])igmentation  corresjtonds  exactly 
with  the  pattern  of  deeper  vascular  colora¬ 
tion  which  becomes  masked  by  the  ])ig- 
mentation.  It  has  not  been  investigated 
whether  or  not  this  pigmentation  is  caused 
by  the  formation  of  new  melanin  granules. 
The  most  common  cause  of  reticular  pig¬ 
mentation  is  heat.  This  and  the  fact  that 
pigmentation  occurs  in  areas  which  ])re- 
sumably  are  better  o.xygenated  make  me 
believe  that  this  type  of  pigmentation  is 
brought  about  by  oxidative  ])igment  darken¬ 
ing  (Meirowski  phenomenon,  p.  522)  rather 
than  by  true  pigmentation.  I  lowever,  the  in¬ 
creased  temperature  of  the  inflamed  reticu¬ 
lum  may  possibly  j)romote  true  melanin 
production  also. 


be  a  consequence  of  arterial  embolization 
by  gas. 

If  the  circulation  to  a  limb  is  arrested,  in 
the  diffusely  cyanosed  skin  there  a])])ear  ir¬ 
regularly  shai)ed,  ])ale  si)ots  (so-called  “Bier 
spots”),  bright-red  spots,  and  “cinnabar- 
red”  spots  (Fig.  8).  Lewis  (186)  dealt  with 
this  ])henomenon  and  found  that  the  ])ale 
spots  are  due  to  some  vasoconstrictor  sub¬ 
stance  which  is  formed  in  tissues  deprived  of 
oxygen.  The  vascular  contraction  is  inde¬ 
pendent  of  nervous  influences  and  ai)pears 
even  if  the  blood  volume  is  greatly  reduced 
(245).  1  he  caj^illary  contraction  seems  to 
ser\-e  improved  blood  sui>})ly  to  \-itally  im¬ 
portant  tissues  in  emergency  situations 
(245).  Blood  circulation  in  the  red  S])ot 
originates  from  noncomi)ressed  vessels  of 
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the  bones,  which  anastomose  with  cutaneous  good  flow  through  moderately  opened  ar- 
vessels  (226).  The  capillary-microscopic  pic-  terioles  and  a  widely  open  subpapillary 
ture  of  these  spots  is  characterized  by  fairly  venous  jflexus  (217). 

IV.  HEMODYNAMICS  OF  CUTANEOUS  CIRCULATION 


A.  CAPILLARY  PRESSURE 

Large  arteries  represent  elastic  conduits 
of  blood  circulation.  Small  arteries,  arteri¬ 
oles,  and  the  metarterioles  and  precapillary 
sphincters  of  Chambers  and  Zweifach  (]>. 
61)  have  the  additional  function  of  regulat¬ 
ing  the  amount  of  blood  flowing  through  the 
capillary'  area  they  supply.  This  function  is 
achieved  by  contraction  and  relaxation  of 
the  muscular  elements  of  these  small  arterial 
vessels. 

The  fall  of  pressure  from  the  aorta  to  the 
arterioles  is  only  20  mm.  Hg  or  less.  During 
the  passage  of  the  blood  through  arterioles 
the  drop  in  pressure  amounts  to  50-60  mm. 
Hg.  The  further  drop  beyond  the  arterioles 
is  due  mainly  to  the  sudden  increase  of  the 
surface  area  of  the  total  vascular  bed.  When 
many  capillaries  are  open,  the  cross-sec¬ 
tional  area  of  the  capillary  bed  is  up  to  800 
times  greater  than  in  the  aorta.  This  en¬ 
largement  of  the  vascular  bed  causes  con¬ 
siderable  slowing  of  the  rate  of  blood  flow. 
If  all  capillaries  open  up  at  once,  as  is  the 
case  if  the  vasomotor  center  is  destroyed, 
the  capillary  area  increases,  and  the  rate  of 
flow  diminishes  to  such  a  degree  that  return 
of  the  blood  to  the  heart  becomes  impossible 
and  shock  results  (106).  In  the  collecting 
venules  and  veins  the  pressure  continues  to 
drof). 

Even  if  the  total  cross-sectional  area  of 
the  open  capillaries  were  not  much  greater 
than  that  of  the  aorta,  they  still  would 
cause  a  marked  fall  in  blood  jiressure  be¬ 
cause  they  are  the  site  of  considerable  fric¬ 
tional  resistance. 

Zweifach  (296)  jiointed  out  that  the 
metarterioles,  with  their  single  layer  of 
smooth-muscle  cells,  constitute  an  inter¬ 
mediate  zone  in  the  vascular  system,  being, 
on  the  one  hand,  under  the  influence  o 
systemic  factors  such  as  blood  pressure  and 
arteriolar  resistance,  regulated  mainly  by 


the  sympathetic  nervous  system,  but,  on 
the  other  hand,  also  under  the  influence  of 
local  factors  which  regulate  capillary  cir¬ 
culation.  He  also  emphasized  that  precapil¬ 
laries  are  given  off  mostly  at  an  acute  angle 
and  frequently  branch  in  a  backward  direc¬ 
tion  ;  that  most  precapillary  branches  are 
coiled  and  tortuous;  and  that  this  situation 
promotes  the  tendency  to  break  the  blood 
flow  before  it  enters  the  capillary  bed. 

The  blood  pressure  in  the  capillaries  is 
one  of  the  physical  factors  determining  their 
permeability.  Theoretically,  the  pressure 
would  be  expected  to  filter  fluid  from  the 
blood  through  the  capillary  wall  into  the 
extra  vascular  spaces.  However,  as  was  as¬ 
sumed  by  Starling  as  early  as  1896  (263),  the 
colloid  osmotic  pressure  of  the  blood  coun¬ 
teracts  the  capillary  pressure.  When  capil¬ 
lary  pressure  exceeds  the  colloid  osmotic 
pressure  of  the  blood,  fluid  is  filtered  from 
the  blood  into  the  tissue  spaces.  When  capil¬ 
lary  pressure  falls  below  the  colloid  osmotic 
pressure  of  the  blood,  fluid  will  be  absorbed 
from  the  tissue  spaces  into  the  circulating 
blood. 

Caj)illary  blood  j)ressure  can  be  measured 
directly  and  indirectly.  The  direct  method 
consists  of  inserting  micropipettes  into  indi¬ 
vidual  capillaries  under  the  control  of  a 
micromanipulator  and  connecting  the  other 
end  of  the  jiipette  with  a  water  manometer. 
This  direct  microcannulation  method  was 
first  a})plied  by  Carrier  and  Rehberg  (58), 
greatly  perfected  by  Landis  (174,  175,  176), 
and  is  the  only  truly  reliable  method  (95). 
Unfortunately,  in  man  only  the  nail-bed 
ca})illaries  are  accessible  to  cannulation,  and 
these  vessels  are  ])robably  not  rejiresenta- 
tive  because  of  their  continuous  exposure  to 
external  factors  (99).  Also,  only  a  few  caiiil- 
laries  can  be  pierced  in  the  course  of  an  hour 
or  so,  and  averages  are  unjustified  unless 
large  numbers  of  determinations  have  been 
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made  within  a  short  time  (177).  Still,  Landis 
succeeded  in  establishing  the  range  of  i)res- 
sure  in  human  skin  capillaries  as  being  be¬ 
tween  12  and  45  mm.  Hg. 

The  indirect  methods  for  measuring  cap¬ 
illary  pressure  are  based  on  the  principle  of 
applying  graded  pressure  to  the  tissue  and 
establishing  a  state  of  balance  between  ex¬ 
ternal  pressure  and  intravascular  pressure. 
The  criteria  for  the  establishment  of  this 
equilibrium  have  been  arbitrary.  For  the 
human  skin,  first  perceptible  blanching, 
definite  blanching,  or  stoppage  of  flow  in 
capillary^  vessels  viewed  under  the  micro¬ 
scope  were  used.  The  results  obtained  with 
the  indirect  method  have  been  extremely 
variable  (1.5-71.0  mm.  Hg),  and  the  useful¬ 
ness  of  such  measurements  has  been  ques¬ 
tioned. 

Landis  (176)  found  in  four  different  spe¬ 
cies,  including  man,  that  the  fall  in  blood 
pressure,  as  the  blood  is  carried  to  the  pe¬ 
riphery,  does  not  cease  at  the  junction  of  the 
arterioles  and  capillaries  but  continues 
through  the  caf)illary  network,  being  meas¬ 
urably  greater  in  the  arterial  than  in  the 
venous  limb.  In  normal  human  skin  Landis’ 
average  pressure  values  were  43.5  cm.  water 
for  arteriolar  capillaries  and  16.5  cm.  water 
for  venous  capillaries.  In  hyperemic  skin  the 
arteriolar  capillary  values  were  between  71 
and  93  cm.  water,  and  venous  capillary 
values  were  between  54.5  and  66.5  cm. 
water. 

The  average  capillary  pressure  is  ap¬ 
proximately  equivalent  to  the  colloid  osmot¬ 
ic  pressure  of  plasma  proteins.  Owing  to  the 
pressure  gradient  within  the  capillaries,  it 
seems  that  under  average  conditions  filtra¬ 
tion  of  fluid  from  the  capillaries  into  tissue 
spaces  is  favored  in  the  arteriolar  limb, 
while  absorption  of  fluid  from  the  tissue  into 
the  cai)illary  vessel  is  favored  in  the  venous 
limb.  Obviously,  the  very  high  capillary 
pressure  in  hyperemic  skin  greatly  i)romotes 
the  outward  filtration  of  water,  with  result¬ 
ing  hydration  and  possibly  visible  edema  of 
the  tissues. 

The  variability  of  capillary  pressure,  in 
the  same  capillary  from  moment  to  moment 


and  in  adjacent  capillaries  at  the  same  time, 
is  very  great.  The  jiressure  depends,  among 
other  factors,  on  the  arteriolar  tone  (ar¬ 
teriolar  constriction  increases  the  perijiheral 
resistance  and  thus  lowers  capillary  jires- 
sure),  on  freedom  of  venous  outflow  (a  rise 
of  venous  pressure  elevates  capillary  pres¬ 
sure),  on  posture  (capillary  pressure  is  high 
in  dependent  parts  of  the  body  because  the 
venous  pressure  is  high  in  the  vertically 
placed  veins),  on  temperature  (local  heat 
causes  hyperemia),  and  on  the  state  of  in¬ 
nervation.  Zweifach  and  Chambers  (59,  299) 
put  the  main  emphasis  on  the  behavior  of 
metarterioles  and  precapillary  sphincters. 
When  they  are  dilated,  the  head  of  pressure 
will  be  higher,  and  outward  filtration  will 
predominate.  When  they  are  constricted, 
pressure  will  fall,  and  inward  filtration  will 
prevail. 

Posture,  of  course,  is  an  important  factor. 
Capillary  pressure  in  the  skin  of  the  fingers 
in  man  may  vary  between  40  and  4  cm. 
water,  according  to  whether  the  hand  is 
hanging  or  raised.  But  however  high  up  the 
hand  is  placed,  the  pressure  never  falls  to 
zero  or  becomes  negative,  because  when  the 
hand  is  held  high  and  the  venous  pressure 
becomes  negative,  the  veins  collapse  and  re¬ 
strict  the  flow  (106).  In  the  feet  the  capillary 
pressure  does  not  attain  high  values  because 
of  the  presence  of  valves  in  even  the  smallest 
veins  and  because  of  constant  small  muscu¬ 
lar  movements  which,  by  forcing  the  blood 
along  these  veins,  enable  them  to  act  as  a 
kind  of  pump.  The  wide  variations  in  capil¬ 
lary  pressure  bring  about  gross  dispropor¬ 
tions  in  the  relation  of  colloid  osmotic  pres¬ 
sure  and  blood  pressure,  alternately  favoring 
massive  filtration  from,  and  massive  re¬ 
absorption  into,  the  capillaries  (177). 

Landis’  results  perfectly  fitted  Starling’s 
concei)t.  However,  Rous  et  al.  (247)  found 
that  a  dye  such  as  trypan  blue,  when  in¬ 
jected  into  the  vascular  bed,  concentrated 
in  the  tissues  near  the  venous  end  of  the  cap¬ 
illary.  Therefore,  they  thought  that  out¬ 
ward  filtration  was  greatest  at  this  point 
To  reconcile  this  finding  with  Landis’  re¬ 
sults,  Chambers  and  Zweifach  (60)  sug- 
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gested  that  the  pressure  in  the  thoroughfare 
channels  was  higher  than  that  in  the  true 
ca])illaries  and  that  in  Rous’s  experiments 
outward  filtration  occurred  through  the 
thoroughfare  channels.  In  the  true  cajiil- 
laries  filtration  might  be  outward  or  inward 
according  to  the  pressure  in  the  arteriolar 
end  and  inward  at  the  venous  end. 

B.  RATE  OF  BLOOD  FLOW 

There  are  three  methods  for  study  of  the 
blood  flow  in  the  skin  (51). 

1.  The  first  method  is  direct  observation 
of  the  flow  under  the  capillary  microscojie 
and  determination  of  the  time  taken  by  any 
given  single  red  cell  to  travel  a  measured 
distance.  In  man  such  study  is  easily  made 
only  at  the  edge  of  the  nail. 

2.  Determination  of  blood  flow  with  the 
jiressure  plethysmograjfli  is  the  second 
method  (49).  It  is  based  on  the  principle 
that,  if  the  venous  return  is  occluded  im¬ 
mediately  before  the  measurement,  changes 
in  volume  represent  the  amount  of  blood 
which  has  entered  the  part  inclosed  in  the 
jflethysmograph.  The  duration  of  observa¬ 
tion  must  be  necessarily  short  because  inter¬ 
ference  with  the  venous  flow — the  occlusion 
of  veins — slows  the  blood  stream,  and  falla¬ 
cious  results  are  obtained  unless  only  in¬ 
stantaneous  values  are  recorded.  Further¬ 
more,  to  obtain  information  on  cutaneous 
flow,  this  method  can  be  applied  only  to 
fingers,  toes,  and  ears,  where  volume 
changes  are  due  almost  exclusively  to 
changes  in  circulation  of  the  skin. 

3.  The  third  method  uses  oscillometric 
technics,  by  which  cutaneous  arterial  flow 
can  be  measured.  If  the  venous  pressure  and 
heart  rate  are  constant  and  the  capillary  tone 
(p.  76)  is  not  altered,  a  change  in  volume  or 
volume  imlsation  of  the  cutaneous  vessels  is 
a  measure  of  arterial  llow.  Jlertzman  s 
ifliotoelectric  plethysmograph  (144,  145) 
takes  advantage  of  the  fact  that  absorjition 
of  light  by  a  transilluminated  tissue  varies 
with  its  blood  content.  In  his  ingenious  ar¬ 
rangement,  skin  can  be  transilluminated, 
and  light  which  has  passed  through  the  skin 
reaches  an  attached  ifliotocell.  Light  scat¬ 


tered  from  the  surface  does  not  enter  the 
})hotocell.  I  his  method  has  rejilaced  all 
other  iilethysmographic  jirocedures.  It  has 
the  great  advantage  that  it  makes  possible 
the  measurement  of  blood  flow  anywhere  on 
the  skin  surface. 

There  is  a  moderate  decrease  in  the  ve¬ 
locity  of  flow  when  blood  passes  from  the 
arteries  to  the  arterioles.  A  sudden  and 
steep  droj)  in  the  rate  of  flow  occurs  when 
blood  enters  the  capillaries,  mainly  because 
of  the  sudden  increase  in  the  cross-sectional 
area.  In  the  collecting  venules  and  veins  the 
blood  Hows  faster  again,  but  still  much 
slower  than  in  the  arterioles. 

The  main  result  of  measurements  of 
blood  flow  through  the  skin  has  been  its 
extreme  variability  in  an  amazingly  wide 
range.  In  addition,  it  was  found  that  cutane¬ 
ous  vessels  of  different  regions  respond  dif¬ 
ferently  to  identical  stimuli.  The  variability 
of  the  flow  is  obvious  from  direct  observa¬ 
tion.  Not  only  is  the  flow  faster  in  arterioles 
than  in  veins  and  slowest  in  the  capillaries, 
but  there  are  continuous  changes  within  the 
capillaries,  with  a  constant  quickening  and 
slowing  of  the  flow.  The  rapidity  of  the  flow 
depends  i)rimarily  on  the  state  of  contrac¬ 
tion  of  arterioles,  metarterioles,  and  precap¬ 
illary  sphincters.  The  arterial  pulse  wave 
reaches  the  arterioles  but  is  rarely  seen  be¬ 
yond  them.  In  the  j)resentation  of  Zweifach 
(299)  the  terminal  arterioles  are  the  major 
factors  in  converting  the  pulsating  flow  to  a 
continuous  stream.  Precapillary  sphincters 
further  dam{)en  the  pulsation,  so  that  even 
under  the  conditions  of  arterial  hyperemia 
no  [)ulsation  is  seen  in  the  capillaries.  How¬ 
ever,  in  the  preferential  channels  (p.  61), 
there  may  be  pulsation  when  there  is  ar¬ 
teriolar  dilatation. 

Plethysmograi)hic  measurements  in  fin¬ 
gers  reveal  that  the  range  of  variations  in 
blood  flow  is  more  than  two  hundred  fold. 
'I'he  minimum  value  with  maintained  vaso¬ 
constriction  is  about  0.5  cc.  per  minute  per 
100  cc.  of  tissue,  while  in  maximal  vaso¬ 
dilatation  the  corresponding  value  is  100  cc. 
I)er  minute  per  100  cc.  of  tissue  (285,  49). 
Idle  variability  is  based  on  three  main 
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mechanisms:  (1)  isolated  contractions  of 
arterioles  and  metarterioles  due  to  “intrin¬ 
sic”  contractility  or  to  periodic  accumula¬ 
tion  of  some  chemical  agent;  (2)  sudden  de¬ 
crease  of  flow  in  acral  parts,  such  as  fingers, 
toes,  and  nostrils,  under  the  influence  of 
rhythmic  central  sympathetic  discharges, 
occurring  every  30-40  seconds  (53);  the 
average  flow  is  established  not  by  a  steady 
vascular  tone  but  by  a  rhythmic  swinging 
between  constriction  and  dilatation;  and 
(3)  the  flow  varies  one  hundred  fold  or  more 
by  the  opening  and  closing  of  the  large  ar¬ 
teriovenous  anastomoses  (p.  77). 

The  periodic  vasomotor  activity  in  the 
terminal  vascular  bed  has  been  called  “vaso- 
motion”  by  Chambers  and  Zweifach  (299). 
They  find  that  it  is  based  on  periodic  con¬ 
traction  and  rela.xation  of  metarterioles  and 
capillary  sphincters.  The  periods  last  from 
30  seconds  to  3  minutes.  In  nonmuscular 
collecting  venules,  both  the  narrowing  and 
the  dilating  periods  last  longer.  There  may 
be  increased  or  depressed  vasomotion,  with 
either  the  constriction  or  the  dilatation 
being  more  prominent.  When  constriction 
{)revails,  there  is  low  hydrodynamic  pressure 
in  the  capillaries,  and  inward  filtration  j)re- 
dominates,  so  that  tissues  dehydrate;  while 
with  prevailing  dilatation  the  situation  is 
reversed,  and  hydration  of  tissues  takes 
place.  Vasomotion  is  probably  under  both 
local  and  nervous  influences.  Denervation 
stops  vasomotion,  but  about  48  hours  later 
it  returns.  After  sympathectomy  the  de- 
nervated  vessels  become  highly  sensitive  to 
both  constrictor  and  dilator  stimuli.  Con¬ 
traction  can  be  produced  with  epinephrine 
in  dilutions  as  high  as  1 : 200,0()(),0()().  The 
nervous  influence  seems  to  extend  only  to 
vessels  with  muscular  elements. 

The  abundance  of  arterial  suf)ply  to  acral 
parts,  with  a  corresponding  great  variability 
of  flow,  shows  their  role  in  regulating  dis¬ 
sipation  of  heat  from  the  surface  and  in 
providing  rapid  vasomotor  adjustments  for 
distribution  of  blood  to  other  organs  accord¬ 
ing  to  need.  Hertzman  (145)  finds  the  fol- 
lo^wing  descending  order  of  arterial  supply  in 
the  areas  studied:  finger  pad,  ear  lobe,  toe 


pad,  palm  of  hand,  skin  of  forehead  and 
face,  dorsum  of  finger,  dorsum  of  hand  and 
foot,  forearm,  knee,  tibia. 

Regional  differences  in  vascular  responses 
to  similar  stimuli  can  be  best  illustrated  by 
comjiaring  the  reactions  of  the  skin  of  hands 
and  forearms,  respectively  (111).  Painful 
stimuli,  deep  inspiration,  mental  activity, 
emotional  stimuli,  and  tobacco  inhaling 
cause  active  arteriolar  constriction  in  the 
hands  (more  in  fingers  than  in  other  jxirts 
of  the  hand),  while  at  the  same  time  blood 
flow  to  the  forearm  is  not  influenced  at  all  or 
only  insignificantly.  Stimuli  increasing  sys¬ 
temic  blood  pressure  (carbon  dioxide  inhala¬ 
tion,  hyperventilation,  ei)inephrine)  elicit 
vasoconstriction,  with  diminished  flow  to 
the  hand  but  increased  flow  to  the  forearm. 
In  reactive  h3^peremia  (p.  105)  the  hands 
repay  only  a  small  j)ercentage  of  the  cir¬ 
culatory  debt  because  of  interference  of 
sympathetic  vasoconstrictor  impulses,  while 
hyperemia  in  the  forearm  equals,  or  more 
than  compensates  for,  the  debt  (111).  In 
response  to  heating,  arterioles  of  both  hands 
and  forearms  dilate,  but  this  reaction  de¬ 
velops  much  faster  in  the  hands  and  at  lower 
temperatures  than  in  the  forearms  (129). 
Although  the  forearm  contains  only  13.4 
per  cent  skin  as  comi)ared  with  30  i)er  cent 
in  the  hand  and  50  per  cent  in  the  fingers, 
still  the  skin  of  the  forearm  contributes  a 
sizable  portion  of  the  total  flow  at  average 
atmospheric  temperatures  (171).  It  appears 
that  the  main  reason  for  the  different  be¬ 
havior  of  hand  and  forearm  is  the  presence 
of  arteriovenous  anastomoses  in  the  hands 
(130). 

A  consi)icuous  regional  difference  in  vas¬ 
cular  resi)onses  is  that  connected  with  emo¬ 
tional  blushing.  This  })atchy  vasodilatation 
is  confined  to  the  head,  neck,  and  thorax, 
and  I  saw  it  occurring  also  on  the  uj)per 
back  in  a  few  cases.  Lewis  (186)  found  it  to 
be  restricted  to  exposed  areas  and  assumed 
that  arterioles  in  chronically  exposed  areas 
behave  differently.  In  any  case,  whatever 
the  reason  for  the  restricted  localization  and 
whatever  the  mechanism  (sympathetic  pa¬ 
ralysis  or  antidromic  vasodilatation,  p.  89), 
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it  is  associated  with  vasoconstriction  in  the 
digits.  The  same  paradoxical  reaction  is  ob¬ 
served  also  after  administration  of  amyl 
nitrite.  Burton  (51)  points  out  that,  in  view 
of  such  paradoxical  reactions,  it  is  not  neces¬ 
sary  to  assume  either  reciprocal  nervous 
effects  or  differential  chemical  actions  on 
different  vessels.  It  seems  that  there  are 
several  nerve  impulses  set  up  at  the  same 
time,  and,  in  addition,  the  response  of  a 
particular  vessel  depends  upon  the  relative 
degree  of  nervous  and  of  chemical  control  of 
the  vessel.  In  the  finger,  vasoconstrictor 
effects  predominate,  while  in  the  face  vaso- 
dilatory  reactions  arise  with  particular  ease. 

C.  CAPILLARY  CONTR.ACTILITY 

For  a  long  time  it  was  thought  that  all 
capillary  vessels  have  the  intrinsic  ability 
to  contract  and  to  expand,  independent  of 
hemodynamic  forces,  such  as  the  arteriolar 
pressure,  and  independent  of  nervous  influ¬ 
ences.  The  contractility,  first  postulated  by 
Ebbecke  (92)  in  1917,  was  attributed  to  the 
presence  of  differentiated  contractile  cells, 
the  so-called  “Rouget  cells,”  which  contain 
fine  contractile  fibrils  and  form  a  wide- 
meshed  network  around  the  endothelial 
tube  (276,  277,  170).  Krogh  suggested  that 
although  the  caliber  of  capillaries  is,  to 
some  degree,  affected  by  the  blood  pressure 
on  the  capillary  wall,  normally  this  effect  is 
very  small,  partly  because  of  the  relatively 
large  integral  transverse  section  of  the  cap¬ 
illary  bed  and  [lartly  because  the  capillaries 
withstand  pressure  remarkably  well.  A 
venous  jiressure  of  30  cm.  water,  for  in¬ 
stance,  is  withstood  for  several  minutes  by 
the  capillaries  before  they  dilate  slightly. 

Whereas  Krogh  attributed  all  capillary 
contraction  to  the  Rouget  cells  and  denied 
that  the  endothelial  cells  themselves  are 
contractile,  Ebbecke  (92)  and  O.  Muller 
(209)  claimed  that  these  cells  are  able  to 
change  their  volume  or  even  to  move  ac¬ 
tively  with  “ameboid”  movements.  Beecher 
(30),  working  in  Krogh ’s  laboratory,  sug¬ 
gested  that,  in  addition  to  constriction  ef¬ 
fected  by  the  Rouget  cells,  capillaries  may 
contract  by  swelling  of  the  nuclei  of  endo¬ 


thelial  cells.  Actually,  reversible  contrac¬ 
tions  of  these  cells  were  observed  by  Cham¬ 
bers  and  Zweifach  (60)  under  the  influence 
of  hypertonic  solutions.  The  nature  and  role 
of  Rouget  cells,  however,  are  doubtful.  The 
Clarks  (62)  and  Sanders,  Ebert,  and  Florey 
(250)  found  that  Rouget  cells  did  not  par¬ 
ticipate  in  the  contraction  of  either  mam¬ 
malian  or  amphibian  capillaries. 

The  more  recent  work  of  Chambers  and 
Zweifach  (59,  298,  299)  led  to  the  well-evi¬ 
denced  conclusion  that  the  true  capillaries, 
simple  endothelial  tubes,  never  undergo  ac¬ 
tive  vasoconstriction.  According  to  these 
authors,  what  has  been  described  as  Rouget 
cells  seem  to  be  the  muscular  cells  of  the 
preferential  channels  (p.  61).  But  beyond 
the  precapillary  sphincters  there  is  no  mus¬ 
cle  element  (see  Fig.  3,  p.  63),  and  true 
capillaries  show  no  changes  in  caliber  at¬ 
tributable  to  pericapillary  muscle  cells  either 
in  amphibians  or  in  mammals.  They  find 
that  in  the  resting  state  there  is  intermittent 
opening  and  closing  of  precapillary  sphinc¬ 
ters,  with  blood  flowing  now  through  one, 
now  through  another,  capillary.  When  the 
capillary  sphincters  are  constricted,  the  cap¬ 
illaries  are  ischemic,  and  blood  flows  exclu¬ 
sively  in  preferential  channels.  In  hyper¬ 
emia  there  is  accentuation  of  the  dilatory 
phase  of  precapillary  sphincter  activity  (in¬ 
stead  of  periodic  changes),  and  this  results 
in  an  over-all  blood  flow  through  the  entire 

capillary  bed  (Fig.  9). 

Endothelial  cells  do  have  a  cell  tone 
which  is  essentially  an  elastic  property,  per¬ 
mitting  resistance  to  distortion.  It  is  because 
of  this  tone  that  capillaries  become  some¬ 
what  narrow  when  blood  does  not  circulate 
in  them.  The  normal  tone  returns  when 
blood  enters  them  again.  Vasodilatation 
caused  by  certain  noxious  agents,  such  as 
urethane,  is  the  direct  result  of  loss  of  tone 
in  the  endothelial  tube.  \\  hen  the  caliber 
decreases,  the  endothelium  can  be  seen  to 
thicken:  the  nucleus  bulges  into  the  lumen. 
However,  such  caliber  changes  in  the  cap¬ 
illaries  are  minor,  not  very  evident,  and  al¬ 
ways  slow.  Normally,  the  diameter  of  a  cap¬ 
illary  is  2-3  M  greater  than  that  of  red  cor- 
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puscles,  which  pass  in  single  tile.  Nar™wmg  sphincters  are  par- 

of  the  capillary  would  cause  distor  ticularly  sensitive  to  nonnervous  stimula- 

corpuscles;  but  this  IS  a  very  rare  even  .  instance,  by  epinephrine  nor- 

vessels  with  muscular  elements  the  chai  g  ’  ,  j  j  substances  arising  locally 

rapid  and  su.lden,  and  one  -  e-  7  «  („H,  electrolyte  shifts. 

how  their  contraction  changes  the  direct  n,etabolic  iiroducts),  while  sympa- 

„f  Wood  flow.  Therefore,  it  is  doubtf  j  olh«  meta  t 

:^:dlr"u\tten  VtheTil  an  afonic  arterioles.  It  is  highly  improbable  that  non- 
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Fig.  9.— Diagram  of  fluid  exchange  between  blood  and  tissues.  The  number  of  stiiipled  cells  in  the  side 
branch  indicates  the  number  of  open  capillary  channels.  The  arrows  indicate  the  preponderance  of  fluid  move¬ 
ment,  the  length  of  the  arrow  giving  an  apjiroximation  of  the  magnitude  of  fluid  movement  in  comparison  to 
other  capillary  vessels.  From  Zweifach  (299).  (Reproduced  by  permission  of  the  Josiah  Macy,  Jr.,  Founda¬ 
tion.) 


state  of  capillaries  from  wdiich  they  slowly 
return  to  the  state  of  normal  tonicity.  The 
decrease  of  capillary  tone  has  great  physio¬ 
logical  significance,  not  for  the  distribution 
of  blood  but  for  influencing  the  permeability 
characteristics  of  the  capillaries. 

This  view'  has  been  brilliantly  substan¬ 
tiated  by  an  enormous  number  of  direct  ob¬ 
servations  in  combination  with  microma- 
nipulatory  operations  by  Chambers  and 
Zweifach.  They  postulate  that  capillary 
circulation  is  under  the  control  of  muscular 
parts  of  the  system,  terminal  arterioles, 
metarterioles,  and  precapillary  sphincters. 
These  are  the  elements  w'hich  receive  nerv¬ 
ous  and  nonnervous  stimuli  and  cause  the 


muscular  parts  of  the  capillary  tubes  are 
innervated  at  all. 

D.  ARTERIOVENOUS  ANASTOMOSES 

Clark  (61)  reviewed  in  detail  our  knowl¬ 
edge  and  its  historical  development  in  this 
field.  Arteriovenous  anastomoses  constitute 
direct  connections  betw'een  arteries  and 
veins,  with  calibers  considerably  greater 
than  those  of  cajiillary  vessels.  W  hen  they 
are  open  and  the  artery  or  arteriole  is  con¬ 
tracted  distally  from  them,  the  capillary 
circulation  is  completely  by-passed.  Most  of 
them  consist  of  three  portions:  an  arterial 
(or  arteriolar)  portion;  a  thick-walled  inter¬ 
mediate  portion,  which,  in  addition  to  the 
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usual  circularly  arranged  muscle  libers  of 
arterioles,  also  contains  an  inner  longitudi¬ 
nal  and  an  outer  oblique  muscle  layer  with 
an  “epitheloid”  appearance;  and,  finally,  a 
venous  portion.  On  direct  observation  one 
can  see  that  the  intermediate  portion  has 
the  most  active  contractility.  The  arterial 
portion  is  often  twisted  or  coiled,  the  venous 
portion  usually  is  funnel-shaped.  The  shunts 
may  occur  as  single  or  double  connections  or 
as  “bouciuets”  of  multiple  anastomoses, 
'rhey  are  richly  innervated  by  sympathetic 
(and  sensory?)  fibers.  The  whole  twisted 
structure  usually  forms  a  sort  of  ball  or 
“glomus.”  In  the  lingers  and  toes  of  man 
their  internal  diameter  at  the  narrowest 
point  is  usually  20  40  ji  and  rarely  e.xceeds 
50  ji. 

In  the  skin  of  mammals  these  structures 
have  been  consistently  found  in  the  terminal 
phalanges  of  forefeet  and  hind  feet,  in  the 
ears,  and  in  the  nose  or  snout,  in  some  ani¬ 
mals  also  in  the  tips  of  the  tail,  a  conspicu¬ 
ously  acral  distribution,  corresponding  with 
those  parts  which  are  most  likely  to  freeze  in 
e.xtreme  cold.  In  human  skin  they  have  been 
found  consistently  only  in  the  nail  folds,  in 
the  pads  of  fingers  and  toes,  and  in  palmar 
skin.  Their  occurrence  in  other  acral  regions 
of  man  has  been  described  but  requires  fur¬ 
ther  confirmation.  In  lingers  their  distribu¬ 
tion  is  typically  acral:  (Irant  and  Bland 
(127)  counted  501  per  square  centimeter  on 
the  nail  fold  of  the  index  finger  but  less  than 
100  on  the  [iroximal  jihalanx  and  on  the 
palm. 

Direct  evidence  in  animals  and  indirect 
evidence  in  man  (127)  are  conclusive  that 
the  arteriovenous  anastomoses  of  the  fingers 
are  active  in  contraction  and  dilatation  and 
that  they  jilay  an  important  role  in  the 
temperature  changes  of  the  skin  of  the  fin¬ 
gers.  When  blood  flows  mainly  through  the 
shunts  instead  of  through  the  superficial 
capillary  bed,  less  warm  blood  is  brought 
close  to  the  surface,  and  there  is  less  cooling 
of  the  blood.  At  the  same  time,  the  arterio¬ 
venous  anastomoses  can  protect  penjiheral 
areas  from  overcooling,  because,  if  they  are 


open,  the  rate  of  blood  How  is  greatly  in¬ 
creased.  It  was  calculated  that  at  least  256 
limes  as  much  blood  will  pass  through  an 
anastomosis  40  /x  in  diameter  as  through  a 
capillary  with  a  diameter  of  10  ^i.  Therefore, 
the  opening  of  the  shunts  brought  about 
retlexly  all  over  the  periphery  in  severe  cold 
may  protect  the  acral  parts  to  some  degree 
from  tissue  death  (127,  128).  On  local  or 
general  heating  the  anastomoses  are  found 
to  be  open,  but  blood  flows  through  the 
capillaries,  too,  in  spite  of  the  great  amount 
of  sidetracking  of  blood.  Thereby  heat  dis- 
sijiation  becomes  maximal  (127,  128). 

The  Clarks  (63,  64)  (by  using  the  in¬ 
genious  technic  of  observing  cutaneous  cir¬ 
culation  in  the  rabbit’s  ear  through  a  built-in 
glass  chamber)  have  demonstrated  by  direct 
observation  that  arteriovenous  anastomoses 
behave  in  much  the  same  way  as  do  arteries 
and  arterioles  in  respect  to  both  contractile 
and  dilatory  stimuli  but  that  the  anastomo¬ 
ses  are  decidedly  more  active  and  show  a 
greater  tendency  to  independent  action. 
When  these  authors  subjected  the  ears  of 
rabbits  repeatedly,  over  a  period  of  several 
months,  to  various  types  of  irritation  caus¬ 
ing  increased  blood  flow,  such  as  heating, 
mechanical  and  chemical  stimulation,  they 
found  that  new  arteriovenous  anastomoses 
developed.  When  the  blood  flow  was  per¬ 
mitted  to  return  to  normal,  they  often  re¬ 
verted  to  the  normal  capillary  status. 

Richards  (234)  raised  the  question  of 
whether  a  different  number  of  arteriovenous 
anastomoses  could  be  responsible  for  the 
fact  that  there  are  habitually  cold-  and 
warm-handed  persons.  He  pointed  out  that 
persons  who  work  long  hours  outdoors 
usually  have  cold  and  cyanosed  hands, 
while  indoor  workers  tend  to  be  warm- 

Since  the  work  of  Chambers  and  Zweifach 
(269)  it  has  l)ecome  clear  that  arteriovenous 
shunts  exist  not  only  between  arteries  and 
veins  but  also  between  arterioles  and  ven¬ 
ules  and  between  metarterioles  and  ad¬ 
jacent  venules.  In  the  latter  instances  the 
shunts  are  only  about  15-20  m  in  diameter. 
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According  to  Zweifach  (299),  tlie  capillary 
loojjs  of  the  nail  fold  of  man  rej)resent  a 
direct  connection  between  metarterioles  and 
venules. 


Masson  was  the  hrst  to  state  that  j)hysio- 
logically  occurring  arteriovenous  anastomo¬ 
ses  may  form  the  basis  for  the  develo])ment 
of  jmthological  ‘‘glomus  tumors”  (197). 


V.  n()nnp:r\’()US  vascular  RF:AcrioNS 


Since  Lewis’  fundamental  work  on  cuta¬ 
neous  minute  vessels  (186),  local  vascular 
responses  are  differentiated  as  “direct”  and 
“indirect”  reactions.  Direct  reactions  result 
from  action  directly  on  the  vessel  wall  or, 
more  specifically,  on  their  contractile  or  ex¬ 
pansible  elements,  without  any  intermedi¬ 
ary  mechanism.  Indirect  reactions  are  spo¬ 
ken  of  if  the  stimulus  liberates  a  substance 
from  neighboring  cells  which,  in  turn,  acts 
on  the  vessel  wall.  With  this  definition, 
nervous  reactions  belong  to  the  indirect  re¬ 
sponses  because  the  nervous  imi)ulse  acts 
through  the  liberation  of  a  substance  at  the 
nerve  ending. 

Direct  reactions  are  characterized  by  be¬ 
ing  confined  exactly  to  the  area  of  stimula¬ 
tion  without  any  spread  beyond  it.  Although 
it  has  been  suggested  that  an  impulse  may 
be  i)ropagated  from  one  contractile  cell  to 
the  other  (92),  such  propagation  has  not 
been  proved  and  is  most  improbable  (170). 
Indirect  reactions,  which  spread  slowly 
from  the  area  of  stimulation  with  a  velocity 
of  1  mm.  per  minute  or  less,  are  usually 
caused  by  a  liberated  substance  or,  more 
generally,  by  the  production  of  some  metab¬ 
olite.  Widespread  reactions  with  raj)id,  al¬ 
most  momentary,  spread  are  usually  results 
of  nerve  imi)ulses. 

A.  CONSTRICTOR  RESPONSES 

There  is  a  variety  of  stimuli  which  act 
directly  on  cutaneous  minute  vessels  and 
cause  contraction  if  the  intensity  of  the 
stimulus  is  low,  but  dilatation  if  the  in¬ 
tensity  is  high,  d'he  most  commonly  en¬ 
countered  stimuli  of  this  kind  are  mechani¬ 
cal  stimuli,  usually  studied  on  humans  by 
stroking  the  skin.  But  the  same  effects  can 
be  elicited  also  by  cold  stimuli  (186)  and  by 
galvanic  current  under  the  anode  (Ul) 


Usually,  in  studies  on  man  the  rounded 
smooth  edge  of  a  flat  ruler  or  a  tongue  blade 
is  drawn  steadily  but  not  roughly  in  a 
straight  line  across  the  skin.  After  10-15 
seconds  the  stroked  area  becomes  distinctly 
paler  than  the  surrounding  skin  (“dermo- 
graphia  alba”).  The  paleness  is  strictly  con¬ 
fined  to  the  area  of  stimulation.  The  reaction 
is  fully  developed  in  1  minute  and  lasts  for 
several,  usually  for  3-5,  minutes  (186).  This 
reaction  is  due  to  contraction  of  muscular 
elements  of  minute  vessels  (metarterioles 
and  precapillary  sphincters).  It  is  inde- 
I)endent  of  arteriolar  contraction  (186).  It  is 
independent  of  the  blood  flow  and  blood 
pressure;  it  occurs  also  if  the  circulation  is 
occluded.  Moreover,  it  is  independent  of 
nervous  impulses;  it  can  be  elicited  in  de- 
nervated  areas  as  well  as  in  skin  with  intact 
innervation.  The  stimulus  actually  is  not 
pressure  as  exerted  by  the  stroke  but  tension 
or  stretching.  Lewis  (186)  demonstrated 
this  by  showing  that  “if  two  fingers  are 
placed  an  inch  or  so  apart  on  the  skin  of  a 
suscejffible  subject  and  the  skin  in  between 
them  is  lightly  stretched  it  is  this  stretched 
skin  rather  than  that  with  which  contact  has 
occurred  which  subsequently  jiales.”  The 
contractile  force  exerted  by  the  minute 
muscular  vessels  is  capable  of  resisting  a 
pressure  of  from  50  to  100  mm.  Hg.  Susceji- 
tibility  to  this  reaction  varies  greatly  with 
the  individual.  Attempts  were  made  to 
work  out  a  standardized  quantitative  meth¬ 
od  for  measuring  the  degree  of  the  reaction 
as  jin  index  of  excitability  of  minute  vessels 
(85).  It  was  found  that  the  white  line  is 
elicited  with  greater  ease  in  young  persons 
than  in  subjects  over  thirty  (92).  It  is  aug¬ 
mented  by  hypercaimia  and  weakened  by 
anoxemia  (85).  Apjiarently,  it  is  easier  to 
e  icit  the  “while  line”  in  warm  than  in  cold 
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skin  (02),  but  the  influence  of  skin  tempera¬ 
ture  on  the  threshold  is  not  conspicuous  (85). 

Local  vasoconstriction  following  gentle 
stroking  or  stretching  is  accompanied  in 
some  subjects  by  pilomotion.  The  goose 
flesh  is  restricted  to  the  area  of  stimulation 
and  is  independent  of  the  nervous  system 
(71),  as  is  the  white  reaction.  Though 
coupled  in  some  instances,  the  two  reactions 
are  independent  of  each  other.  It  depends  on 
individual  susceptibility  whether  vasocon¬ 
striction  or  pilomotion  will  prevail,  or,  in 
other  words,  which  contractile  elements, 
those  of  the  minute  vessels  or  the  pilomotor 
muscles,  are  more  responsive. 

The  effects  of  gentle  stroking  can  be  per¬ 
fectly  simulated  by  the  injection  of  epineph¬ 
rine  into  the  skin.  However,  to  establish  this 
analogy,  highly  diluted  epinephrine  solu¬ 
tions  must  be  used,  such  as  1 : 1()(),0()()  or 
higher.  With  such  dilutions  the  responses  to 
epinephrine  are  as  fleeting  as  those  to  strok¬ 
ing.  Higher  concentrations  of  epinephrine, 
as  they  have  been  used  in  so-called  “phar¬ 
macodynamic  tests”  of  the  skin,  cause  an  un- 
physiological  long-lasting  spastic  state  of 
both  minute  vessels  and  pilomotor  muscles, 
and  it  is  hardly  probable  that  individual 
differences  could  be  detected  with  such 
coarse  methods.  Also  it  should  be  stated  em¬ 
phatically  that  testing  of  the  contractility  of 
cutaneous  vessels  by  stroking  or  by  epineph¬ 
rine  gives  information  exclusively  on  the 
contractile  excitability  of  metarterioles  and 
capillary  sphincters  and  no  information 
whatsoever  on  the  excitability  of  constrictor 
nerve  fibers  or,  worse  than  that,  on  the 
“psychosomatic”  excitability  of  the  indi¬ 
vidual  (243). 

In  intense  acute  inflammatory  ])rocesses 
the  local  vasoconstriction  cannot  be  elicited 
either  by  stroking  (284)  or  by  local  injection 
of  epinephrine  (240) ;  or,  at  least,  abnormally 
high  intensities  of  stimulation  are  needed  to 
provoke  it.  Apparently,  the  acute  inflam¬ 
matory  process  “paralyzes”  the  muscular 
elements  of  the  maximally  dilated  precapil- 
laries,  making  contraction  impossible.  A 
similar  paralysis  is  present  m  the  nonm- 
flamed  skin  reddened  by  cold  (see  p.  /O). 


On  the  other  hand,  in  most  of  the  sub¬ 
acute  and  chronic  inflammatory  jirocesses 
the  “white  line”  can  be  provoked  with 
greater  ease  than  in  normal  skin  (284). 
Among  dermatoses  with  conspicuous  con¬ 
tractile  excitability  of  the  walls  of  cutaneous 
vessels,  W  hitfield  (284)  enumerates  pityri¬ 
asis  rubra  Hebrae,  seborrheic  dermatitis, 
and  “secondary  flexural  dermatitis.” 

.  If  it  is  true  that  contractility  is  dimin¬ 
ished  in  acute  inflammations  but  is  aug¬ 
mented  in  subacute  and  chronic  inflam¬ 
matory  processes,  it  certainly  would  be  de¬ 
sirable  to  have  some  explanation  for  this 
behavior.  Experiments  of  Lewis  (186)  sug¬ 
gest  some  tentative  interjiretation.  He 
found  that,  in  contrast  to  minute  vessels 
which  have  become  unresponsive  to  vaso¬ 
constrictor  stimuli  at  the  site  of  injury  in 
acute  inflammation,  such  refractoriness  to 
constrictor  stimuli  does  not  exist  in  the  so- 
called  “flare”  surrounding  the  site  of  injury 
and  deriving  from  dilatation  of  “strong  ar¬ 
terioles.”  On  the  contrary,  the  blanching  in 
the  flare  is  unusually  intense,  as  White 
described  it  in  chronic  dermatoses.  Thus  one 
may  speculate  that  in  acute  inflammatory 
processes,  such  as  follow  mechanical,  chem¬ 
ical,  thermal,  and  actinic  injuries  and  such 
infections  as  erysipelas,  primary  dilatation 
of  the  metarterioles  and  precapillary  sphinc¬ 
ters  {)revails  (as  in  the  “local  red  reaction  ), 
while  in  subacute  and  chronic  ])rocesses  the 
reddening  is  due  to  a  i)rimary  dilatation  of 
strong  arterioles  (as  in  the  “red  flare  )• 
This  difference  also  would  explain  the  differ¬ 
ent  shades  of  red:  bright  or  brilliant  red  m 
acute,  dusky  red  in  chronic,  inflammations. 
In  other  words,  in  acute  inflammation  dila¬ 
tation  of  the  subfiaiiillary  plexus  prevails, 
while  in  subacute  and  chronic  inflammations 
dilatation  of  strong  arterioles  is  the  jirimary 
event.  Thereby  the  red  color  deepens  (see 

also  p.  69). 

Probably  the  most  important  patho¬ 
logical  implication  of  the  local  vasoconstric¬ 
tor  reaction  is  its  exaggeration  m  atopic  in¬ 
dividuals.  In  these  subjects  gentle  iiressure 
on  the  skin  causes  an  unusually  intense  anc 
long-lasting  paleness,  even  on  uninvolved 
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skin.  I'he  increased  tendency  of  vasocon¬ 
striction  in  these  persons  was  quantitatively 
followed  by  Eyster,  Roth,  and  Kierland 
(107)  when  they  found  that  the  skin  of 
atojdc  patients  showed  a  swifter  rate  of 
cooling  than  normal  in  a  cool  environment, 
delayed  rate  of  warming  in  a  warm  environ¬ 
ment,  and  e.xaggerated  resj)onses  in  the  cold 
j)ressor  test. 


minutes  to  an  hour  (Fig.  10).  This  blanching 
can  be  counteracted  by  local  atropinization. 
Lobitz’  tentative  interpretation  has  been 
that  the  [)aradoxical  response  may  be  analo¬ 
gous  to  that  found  by  Burn  (48):  if  acetyl¬ 
choline  is  leeched  out  of  isolated  rabbit-ear 
preparations  by  long-continued  perfusion, 
the  addition  of  acetycholine  to  such  a  prepa¬ 
ration  causes  vasoconstriction  initially.  An 


I*  10.  10.  Delayed  lilanch  in  an  atojiic  subject  following  injection  of  acetj’lcholine.  From  Lobitz  and 
Cam])bell  (191).  (Reproduced  by  iiermission  of  Dr.  Lobitz  and  the  American  Medical  Association.) 


Most  recently,  Lobitz,  Jr.,  and  Camitbell 
(Idl)  discovered  a  novel  and  i)aradoxical 
vascular  reaction  in  these  individuals.  They 
confirmed  the  increased  contractility  of 
minute  vessels  in  response  to  stroking  but 
found  no  differences  from  normal  in  re- 
s[)onsiveness  to  ei)inef)hrine.  However,  a 
marked  abnormality  occurred  on  injection 
of  acetylcholine.  While  in  normals  the  direct 
local^  effect  of  this  agent  on  minute  vessels 
consists  of  a  slowly  develojiing,  long-lasting 
vasodilatation,  in  atopic  subjects  it  causes  a 
delayed,  slowly  spreading  vasoconstriction 
(“delayed  blanch”),  which  appears  3-5 
minutes  after  injection  and  lasts  from  15 


alternative  explanation  would  be  that  in 
atopic  iiiflividuals  excess  acetylcholine  leads 
to  liberation  of  an  excess  amount  of  ejii- 
nephrine.^ 

2.  L.  Illig  has  demonstrated  that  the  majority  of 
neurodermalitis  jiatients  respond  to  the  percutane¬ 
ous  application  of  nicotinic  acid  esters  with  vaso- 
constrictimi,  as  contrasted  with  the  normal  hvper- 
emic  reaction.  Anemic  reaction  was  seen  in  33  out  of 
47  neurodermatitis  patients,  while  none  of  1  78  non- 
ncurodermatic  test  subjects  reacted  in  this  way  (L. 
Ilhg,  Die  Reaktion  der  Haut  des  Neurodermiti- 
kers  auf  zwei  nikotinsliureesterhaltige  ReizstotTe 
Dermat.  Wchnschr.,  126:753-63,  1952).  Thus  the 
paradoxical  vasoconstrictor  reaction  to  hyperemiz- 
mg  agents  in  neurodermatitis  does  not  seem  to  be 
restricted  to  the  response  to  acetylcholine. 
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B.  DILATOR  RESPONSES 

If  the  mechanical  stimulus  is  of  greater 
intensity  than  that  which  elicits  vasocon¬ 
striction,  a  red  local  reaction  ensues.  The 
‘Ted  line”  (“dermographia  rubra”)  which 
develops  on  intense  linear  stroking  has  a 
latent  period  of  only  3-15  seconds  and 
reaches  its  height  in  |-1  minute.  Its  duration 
depends  on  the  intensity  of  stimulation  and 
reactivity  of  the  vessels.  After  low-grade 
stimulation  the  red  line  may  disappear  in  a 
few  minutes.  If  the  stimulus  was  strong,  it 
may  last  for  half  an  hour  or  longer.  The  line 
is  bright  red  but  later  gradually  assumes  a 
bluish  tinge.  Similar  local  vasodilator  im¬ 
pulses  can  be  obtained  on  thermal,  elec¬ 
trical,  and  chemical  stimulation. 

This  reaction  comes  about  by  active 
dilatation  of  the  smallest  blood  vessels  hav¬ 
ing  muscular  elements  (57,  92,  186).  The  re¬ 
action  involves  increased  blood  flow  through 
all  the  minute  vessels  and  a  moderate  in¬ 
crease  in  skin  surface  temperature. 

Like  the  white  line,  the  red  line  is  con¬ 
fined  to  the  area  of  stimulation  and  is  inde- 
jiendent  of  nervous  impulses.  It  occurs  with 
the  same  intensity  in  areas  the  nerves  of 
which  have  degenerated  as  in  areas  with 
intact  nerves.  From  its  appearance,  in¬ 
tensity,  and  duration  no  conclusions  can  be 
drawn  concerning  the  nervous  excitability 
of  the  individual.  Sometimes  a  jiale  zone  of 
vasoconstriction  (and  pilomotion)  can  be 
seen  around  the  red  line.  Obviously,  the  cen 
tral  part  of  the  stimulus  is  strong  enough  to 
elicit  the  red  reaction,  whereas  on  the  pe¬ 
riphery  its  intensity  just  suffices  to  cause 
constriction. 

C.  WIIE.AL  EORMiVTION 

W'healing  represents  circumscribed  super¬ 
ficial  edema  of  the  skin  as  it  develops  in  re¬ 
sponse  to  various  chemical,  mechanical, 
thermal,  and  actinic  stimuli.  It  is  always 
preceded  by  local  reddening,  as  (lescribed  in 
the  preceding  iiaragrajih,  and,  like  the  red 
reaction,  it  is,  at  least  for  some  Ume  sharply 
confined  to  the  area  of  stimulation,  riius,  liy 
means  of  this  edematous  reaction,  it  is  pos¬ 
sible  to  “write  on  the  skin”  with  sharply 


outlined  types  if  the  stimuli  are  shaped  in 
the  form  of  letters  (Fig.  11).  One  to  3  min¬ 
utes  after  the  wheal-producing  stimulus  is 
applied,  the  reddened  area  begins  to  swell, 
and  it  reaches  its  maximum  height  in  3-5 
minutes,  jirojecting  2-5  mm.  above  the  sur¬ 
face.  Usually,  the  elevation  is  flat  on  the  toj) 
and  smoothly  rounded  at  the  edges.  Very 
soon  after  its  full  development  the  originally 
red  wheal  blanches,  in  most  cases  becoming 
jialer  than  the  surrounding  skin.  Before  dis¬ 
appearing,  its  borders  may  become  less 
sharply  defined,  and  the  wheal  becomes 
slightly  broader  and  flatter.  A  most  char¬ 
acteristic  feature  is  its  limited  duration. 
The  average  duration  is  2  hours,  and  a  true 
wheal  hardly  ever  lasts  longer  than  4 
hours.  This  description  fits  both  experi¬ 
mentally  produced  and  naturally  occurring 
wheals.  The  latter,  particularly,  are  often 
designated  as  “urticarial  wheals.” 

Whealing  is  caused  by  leakage  of  blood 
plasma  from  the  dilated  minute  vessels  into 
the  extracellular  spaces  of  the  papillary  and 
subpapillary  layers.  The  fluid  causing  the 
swelling  contains  up  to  84  per  cent  of  the 
plasma  proteins  but  none  of  the  cellular  ele¬ 
ments  of  the  blood.  The  pallor  is  due  to  the 
jiressure  exerted  by  extravasated  {)lasma  on 
the  minute  vessels  (186).  Whealing  requires 
increased  blood  flow.  If  stasis  is  produced  by 
external  pressure,  wheal  formation  is  im- 
j)eded  as  soon  as  the  external  pressure 
comes  close  to  the  systolic  blood  pressure. 

There  are  two  distinct  steps  in  the  de¬ 
velopment  of  wheals t  local  vasodilatation 
and  locally  increased  capillary  permeability. 
Usually,  the  same  stimulus  causes  local  red¬ 
dening,  if  aiijilied  in  low  intensities,  and 
wheal  formation  above  a  certain  intensity. 
44iis  is  the  reason  that  the  “erythemato- 
urticarial  toxic  eruptions”  of  dermatologists 
display  two  different  types  of  lesions:  non¬ 
elevated  red  i>atches  and  urticarial  wheals. 

Lewis  (186)  insisted  that  increased  intra- 
caiiillary  pressure,  distention  of  the  ca}nllar> 
lumen,  or  reduction  of  pressure  in  the  extra¬ 
cellular  spaces  does  not  suffice  to  account 
for  wheal  formation  but  that  there  must  be 
a  true  (qualitative)  change  in  permeability. 
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He  found  that  considerable  suction  (nega¬ 
tive  pressure  of  90  mm.  Hg)  ai)plied  to  the 
red  line  did  not  cause  wheal  formation;  j)osi- 
tive  pressure  of  50  mm.  Hg  api)lied  from  the 
outside  did  not  i)revent  it;  and  increase  in 
the  capillary  pressure,  produced  by  hinder¬ 
ing  venous  backflow,  did  not  promote  it.  In 


given,  fluid  and  dye  were  extravasated 
through  the  capillaries,  but  most  of  the  fluid 
was  reabsorbed  at  the  venular  end.  After 
large  doses  or  prolonged  administration  of 
histamine,  the  filtration  became  more  in¬ 
tense,  and  the  reabsorption  of  fluid  was 
hindered  by  the  high  intravascular  hydro- 


Fig.  II.- 


VVntmg”  on  skin  in  dermatographia  elevata.  FU  =  factitial  urticaria 


addition,  the  high  protein  content  of  the 
transudate  also  indicated  that  true  in¬ 
creased  permeability  of  the  capillary  walls 
and  not  simply  a  rise  in  filtration  pressure 
was  responsible  for  whealing 

wi/h"  experiments 

Mth  dyes,  Dekanski  (82)  found  that  witeal 
formation  can  be  accounted  for  by  raised 
mtracapdiary  pressure  and  increased  nitra¬ 
tion.  W  hen  small  doses  of  histamine  were 


Static  pressure  and  by  increased  extravascu- 
lar  colloid  osmotic  pressure.  Nonetheless 
Lewns’  evidence  for  true  increase  in  perme¬ 
ability  appears  very  convincing 

Chambers  and  Zweifach  (60)  discussed 
the  difficulties  in  differentiating  between  the 
effects  of  a  shift  in  hemodynamic  relation- 
ships,  of  changes  in  functional  permeability 
of  the  wall  of  capillaries,  and  of  actual  dis¬ 
ruptive  leakage  of  vessels.  They  themselves 
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found  that  histamine  causes  changes  in  cap¬ 
illary  permeability  only  in  concentrations 
which  bring  about  actual  endothelial  dam¬ 
age,  demonstrable  by  sticking  of  carbon 
particles,  swelling  of  individual  endothelia, 
etc.  They  emphasized  that  edema  formation 
does  not  necessarily  imply  change  in  capil¬ 
lary  permeability.  Sympathectomy  in  itself, 
for  instance,  by  causing  vasodilatation  and 
increased  hydrostatic  pressure  in  the  capil¬ 
lary  bed,  greatly  increases  the  tendency 
toward  outward  filtration  without  quali¬ 
tatively  changing  the  capillary  wall. 

In  order  to  elicit  wheal  formation  in  the 
skin  of  normal  subjects  by  mechanical 
means,  the  stimulus  must  be  strong,  such  as 
energetic  pricking  with  a  pfin  or  a  repeated 
hard  stroke.  Only  extremely  intense  me¬ 
chanical  stimuli,  such  as  the  lash  of  a  whip, 
will  invariably  produce  whealing  in  all  nor¬ 
mal  individuals.  Among  thermal  stimuli, 
only  local  application  of  extreme  cold  is  cer¬ 
tain  to  produce  wheals  in  normals,  in  my  ex¬ 
perience.  Lewis  claimed  that  it  can  be  regu¬ 
larly  produced  also  by  heat  stimuli  (186). 

The  easiest  way  to  elicit  wheal  formation 
in  normals  is  the  introduction  of  urticari- 
ogenic  chemicals  into  the  skin.  A  great  many 
materials  are  urticariogenic,  among  them 
weak  acids  and  bases,  commercial  pep¬ 
tone  preparations,  alkaloids  (e.g.,  morphine 
salts), ^  materials  from  nettles,  insects,  etc. 
Since  the  advent  of  the  fruitful  theory  that 
all  urticariogenic  agents  act  through  libera¬ 
tion  of  histamine  (or  a  histamine-like  sub¬ 
stance)  (pp.  94  ff.),  solutions  of  histamine 
salts  have  become  the  most  widely  used  urti¬ 
cariogenic  substances  for  experimental  pur¬ 
poses.  Histamine  causes  wheal  formation  in 
concentrations  as  low  as  from  1:1,000,000 

to  1:2,000,000. 

Pathologically  susceptible  individuals, 
suffering  from  so-called  “factitial  urticaria, 
develop  wheals  in  response  to  mild  stroking 


or  mild  pressure.  This  “dermograpihia  ele- 
vata”  is  the  only  jiathological  variety  of 
“dermographism”  in  response  to  mechanical 
stimulation.  White  and  red  lines,  also  called 
“dermographia  alba”  and  “dermograiihia 
rubra,”  as  mentioned  above,  are  physiologi¬ 
cal  reactions.  Like  individuals  whose  skin  is 
pathologically  susceptible  to  mechanical 
stimulation,  there  are  other  persons  who 
respond  with  whealing  to  moderate  degrees 
of  cold  (“cold  urticaria”)  or  of  heat  (“heat 
urticaria”),  to  ultraviolet  rays  in  the  range 
between  2967  and  3341  A,  with  a  maximum 
at  3131  A  (34,  27),  and  in  the  range  between 
4000  and  5000  A  (35).  All  these  stimuli 
elicit  wheal  formation  in  the  pathologically 
susceptible  individuals  in  extremely  low  in¬ 
tensities  which  do  not  cause  any  visible  re¬ 
action  in  normals. 

Whealing  susceptibility  to  mechanical 
and  cold  stimuli  can  possibly  be  regarded  as 
the  pathological  exaggeration  of  a  physio¬ 
logical  reaction.  In  the  case  of  factitial  urti¬ 
caria  it  is  sometimes  difficult  to  draw  the 
line  between  physiological  and  pathological 
responses.  However,  the  spectral  ranges  of 
light  mentioned  above  are  not  known  to 
cause  whealing  in  normals  even  if  applied 
with  extreme  intensity,  and  in  my  experi¬ 
ence  the  same  is  true  for  heat. 

It  also  should  be  considered  that  in  me¬ 
chanical,  actinic,  and  cold  urticaria,  cases 
in  which  passively  transferable  antibodies 
are  demonstrable,  the  mechanism  is  possibly 
different  from  the  corresponding  physio¬ 
logical  responses  (pp.  97  ff.). 


S  Recently  direct  evidence  was  presented  for 
he^  histamine-liberating  effect  of  mori)hine  and 
,ther  opium  alkaloids.  The  skin  can  almost  be  de- 
)leted  of  histamine  by  these  compounds,  and  the 
iberated  histamine  appears  in  the  j^erfusion  fluu 
W.  Feldberg  and  W.  D.  M.  Paton,  Release  of 
listamine  from  skin  and  muscle  in  the  cat 
dkaloids  and  other  histamine  liberators,  J.  1  hysioi., 
[14:490-504,  1951). 


Circulation 


85 


VI.  VASOCONSTRICTION  OF  NERVOUS  ORIGIN 


A,  CENTRAL  VASOCONSTRICTOR 
IMPULSES 

Stimulation  of  sympathetic  fibers  supply¬ 
ing  the  skin  causes  constriction  of  the  cuta¬ 
neous  vessels  in  the  area  supplied  by  the 
stimulated  fibers.  Small  arteries,  arterioles, 
and,  to  a  lesser  degree,  metarterioles,  pre¬ 
capillary  sphincters,  and  veins  participate 
in  this  response.  The  vasoconstriction  causes 
the  skin  to  blanch  and,  if  the  state  of  con¬ 
striction  is  maintained,  to  cool.  The  total 
water  content  of  the  skin  decreases. 

Conversely,  if  the  sympathetic  pathways 
are  interrupted  surgically  or  paralyzed 
otherwise,  the  small  arteries  and  arterioles 
dilate.  The  dilatation  causes  a  considerable 
increase  in  blood  flow  through  the  skin  and 
a  corresponding  increase  in  skin  tempera¬ 
ture.  Therefore,  it  must  be  assumed  that 
normally  the  cutaneous  small  arteries  and 
arterioles  are  under  the  influence  of  con¬ 
tinuous  efferent  constrictor  impulses  which 
keep  the  vessels  in  a  state  of  tonic  contrac¬ 
tion.  Actually,  it  was  shown  by  Adrian, 
Bronk,  and  Phillips  (9)  that  efferent  sym¬ 
pathetic  fibers  carry  persistent  electrical  dis¬ 
charges  which  are  chiefly  concerned  with 
vasoconstriction.  These  discharges  fluctuate 
continually  in  an  intermittent  rhythmic 
manner.  Plethysmographic  studies  of  blood 
flow  in  fingers  indicated  that  periodic  con¬ 
strictions  of  nervous  origin  occur  every  30- 
60  seconds  in  all  digits  simultaneously  (53, 
■i9).  It  appears  that  the  nervous  control 
causes  a  continuously  varying  fluctuation 
between  high  and  low  values  rather  than  an 
appropriate  constant  level  of  flow.  The  dis¬ 
charges  are  of  central  origin  and  seem  to  be 
an  intrinsic  property  of  the  center,  because 
they  occur  independently  of  any  demon- 
trable  stimulation.  The  autonomic  con- 
tro  hng  center  of  vasomotor  tone  is  situated 
in  the  hypothalamus  (234).  The  medullary 
vaspotor  center  studied  by  Ranson  and 

the  apparently  controls 

the  vascular  tone  in  internal  organs  does 

not  seem  to  enter  into  the  control  of  cutane¬ 


ous  vessels  (234).  The  hypothalamic  center 
functions  autonomously,  notwithstanding 
the  destruction  of  higher  parts  of  the  brain. 

Although  man  is  unable  to  exert  any  vol¬ 
untary  influence  over  the  tone  of  cutaneous 
vessels,  the  pallor  caused  by  startle,  fright, 
and  other  emotions  makes  it  evident  that 
efferent  vasoconstrictor  impulses  may  arise 
in  the  higher  brain  centers.  The  cortical 
center  of  emotional  paling,  as  well  as  that  of 
other  cortical  autonomic  impulses,  has  been 
placed  in  the  premotor  area  (234)  (p.  174). 
Fibers  originating  there  and  connecting  the 
cortex  with  the  hypothalamus  are  regarded 
as  neurons  of  the  first  order  in  the  efferent 
vasoconstrictor  pathway.  Neurons  of  the 
second  order  run  from  the  hypothalamus  to 
the  lateral  horn  of  the  gray  matter  in  the 
spinal  cord.  Neurons  of  the  third  order  arise 
from  cells  in  the  lateral  horn,  leave  the  cord 
through  the  ventral  roots  of  the  thoracic 
and  lumbar  segments,  and  reach  the  sym¬ 
pathetic  trunk  via  the  white  rami  com- 
municantes.  These  myelinated  fibers  are  the 
preganglionic  fibers  of  the  sympathetic  sys¬ 
tem;  they  terminate  in  the  sympathetic 
ganglia,  their  ramifying  axons  surrounding 
the  sympathetic  ganglion  cells  (Fig.  12). 
The  postganglionic,  nonmedullated  fibers, 
constituting  neurons  of  the  fourth  order, 
originate  in  sympathetic  ganglion  cells  and 
leave  the  sympathetic  trunk  via  the  gray 
rami  communicantes.  They  reach  the  pe¬ 
riphery  in  the  mixed  peripheral  nerves  and 
end  m  the  vessel  walls  with  widespread 
ramifications  of  their  axons.  The  distribu¬ 
tion  of  the  fibers  is  strictly  unilateral.  The 
fibers  stop  abruptly  at  the  mid-line  of  the 
ody,  while  the  blood  vessels  themselves 
anastomose  freely  across  the  mid-line  Pre- 
gangliomc  fibers  to  the  head  and  neck  leave 
he  cord  hy  the  first  four  thoracic  ventral 
ots  and  pass  to  the  superior  cervical  gan- 
g  on,  where  the  postganglionic  fibers  arise. 

ostganghonic  vasoconstrictor  fibers  are 
adrenergic  (76).  Their  impulses  act  by 
berating  nor-epinephrine  at  their  endings, 
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which,  in  turn,  effects  the  vascular  contrac¬ 
tion  (p.  163).^ 

The  paralytic  vasodilatation  of  the  skin 
after  sympathectomy  is  not  permanent  be¬ 
cause  compensatory  mechanisms  gradually 
set  in  (133) :  (1)  the  intrinsic  tone  of  vascular 
smooth  muscles  increases;  (2)  the  smooth- 

4.  It  was  thought  for  a  long  time  that  two  dif¬ 
ferent  substances  are  liberated  at  adrenergic  nerve 
endings — sympathin  E  and  sympathin  I  (55) — be¬ 
cause  some  effects  of  sj^mpathetic  stimulation  were 
found  to  differ  from  stimulation  by  epinephrine 
(18).  But  recent  work  has  left  little  doubt  that  the 
stimulating  mediating  substance  of  adrenergic  fibers 
is  nor-epinephrine.  Euler  (103,  104),  who  isolated 
nor-epinephrine  from  sympathetic  nerves,  thinks 
that  the  assumption  of  the  existence  of  sympathin  I 


muscle  cells  acquire  an  increased  sensitivity 
to  local  vasoconstrictor  stimuli,  e.g.,  me¬ 
tabolites,  cold,  and  epinephrine  (87,  117); 
(3)  in  i)reganglionic  sympathectomies  the 
sympathetic  ganglion  cells  remain  intact  and 
may  respond  to  humoral  stimuli,  although 
their  connections  with  the  central  nervous 


has  become  unnecessary,  while  sympathin  E  is 
identical  with  nor-epinephrine.  It  was  shown  that 
nor-epinephrine  is  released  also  by  the  adrenal 
glands,  together  with  epinephrine  (45,  44,  281). 

Ahlquist  (11)  distinguishes  “alpha  receptors” 
associated  with  most  excitatory  adrenergic  functions 
and  “beta  receptors”  associated  with  most  in¬ 
hibitory  functions.  Janowitz  et  al.  (157)  found  that 
the  human  skin  contains  only  ali)ha  receptors. 


Fig.  12.-Diagrani  showing  the  .„^)^emerges  from  the  cord  through  the  anterior  root,  passes 

fiber.  The  preganglionic  sympathetic  fibe^  vertebral  ganglion  of  the  sympathetic  chain,  ^he  post- 

the  W'hite  ramus  commumcans,  and  en^ls  in  J  j  ganglion  cell  and  joins  the  spinal  nerve  via  the 

ganglionic  fiber  {broken  line)  cell  iK.dy  m 

gray  ramus  communicans.  The  afferent  (sensorj^^)  ^as  its  cel  y  ^ 

l/side  of  diagram).  From  here  a  central  ^  The  physiological  basis  of  medical  prac- 

branch  connects  to  the  viscera.  From  C.  H.  ^  ^  ' 

tice  (New  York:  William  &  Wilkins  Company,  1950). 
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system  are  interruj)Lecl;  (4)  sym])alhetic 
libers  have  a  remarkable  j^ovver  of  regenera¬ 
tion  and  are  able  to  bridge  large  ga])s  (16J. 

Vasodilator  paralysis  in  limbs  after 
sympathectomy  is  essentially  restricted  to 
the  skin.  It  appears  that  circulation  in 
muscles  is  primarily  more  influenced  by 
local  tissue  metabolites,  while  the  central 
sympathetic  tone  of  the  cutaneous  vessels  is 
as  important  in  regulation  as  are  local  fac¬ 
tors  (279,  265j. 


B.  VASOCONSTRICTION  BY 
LONG  REFLEX 

Impulses  arising  in  the  periphery  either 
from  the  vascular  system  itself  or  from  other 
{leripheral  nerve  elements  may  be  carried  to 
the  central  nerv'ous  system  by  afferent  libers 
and  there  relayed  to  efferent  vasoconstrictor 
jiathways,  with  the  result  of  more  or  less 
generalized  vasoconstriction  of  the  cutane¬ 
ous  vessels.  Such  long  vasoconstrictor  re¬ 
flexes  are  elicited  by  cooling  of  circum¬ 
scribed  parts  of  the  skin,  by  noise,  by  cu¬ 
taneous  pain  stimuli,  by  chemical  or  me¬ 
chanical  stimulation  of  internal  organs,  by 
forced  deep  inspiration,  by  inhalation  of 
tobacco  smoke  and  of  carbon  dioxide,  etc. 
(178).  Deep  expiration  is  also  effective  (83). 
This  type  of  reflex  remains  unimpaired  in 
cases  with  lesions  of  the  cerebral  hemisphere. 
The  level  of  the  relay  at  which  the  afferent 
impulse  is  switched  to  efferent  constrictor 
pathways  is  not  satisfactorily  located.  Re¬ 
cent  studies  on  paraplegic  patients  (119) 
with  complete  disruption  of  the  cord  have 
^u^gcsted  that  in  some  instances  cutaneous 
vasoconstriction  could  be  a  purely  spinal  re¬ 
flex.  Probably,  however,  the  afferent  im¬ 
pulse  most  commonly  reaches  the  hyjio- 
thalamus  and  is  transferred  there  to  con¬ 
strictor  i)athways. 

The  afferent  jiathways  are  obviously 
quite  manifold.  In  the  case  of  inspirational 
vasoconstriction  the  impulse  probably  origi¬ 
nates  from  pressoreceptors  in  the  right  auri¬ 
cle  and  intrathoracic  veins  (83).  Reflexes  in 
response  to  cutaneous  stimuli  apparently 
arise  m  cutaneous  sensory  end-organs  and 
ascend  in  sensory  jiathways.  In  reflex  vaso¬ 


constriction  elicited  by  cold,  at  least  two 
mechanisms  are  operating:  (1)  afferent  im¬ 
pulses  originate  in  cutaneous  cold  recejitors 
of  the  parts  immersed  in  cold  water  and 
ascend  to  the  vasomotor  centers;  (2)  cooled 
blood  returning  from  the  immersed  jiart 
reaches  and  stimulates  the  thermosensitive 
centers  in  the  hypothalamus.  In  addition, 
there  is  increased  release  of  epinephrine  and 
nor-epinephrine  from  the  adrenal  glands  in 
this  reflex.  Temporary  occlusion  of  the  cir¬ 
culation  does  not  interfere  with  the  reflex,  an 
indication  that  it  is  a  purely  nervous  phe¬ 
nomenon,  not  influenced  by  passive  hemody¬ 
namic  changes.  The  reflex  is  abolished  in 
skin  areas  whose  sympathetic  supjtly  has 
been  severed  (88). 

The  cutaneous  reflex  vasoconstriction  is 
most  pronounced  in  the  acral  parts,  pri¬ 
marily  because  of  the  presence  of  a  great 
number  of  arteriovenous  anastomoses  which 
become  tightly  closed  by  the  constrictor  im¬ 
pulse.  A  simultaneous  sudden  decrease  in 
blood  flow  in  fingers,  toes,  and  nostrils  was 
observed  by  Burton  (49).  Because  of  the 
great  reactivity  of  fingers  and  toes  and  also 
because  of  methodological  advantages,  the 
refle.x  vasoconstriction  was  studied  in  most 
instances  in  these  areas.  However,  there  can 
be  little  doubt  that  extensiv'e  skin  areas  par¬ 
ticipate  in  the  reflex,  because  it  often  leads 
to  a  measurable  increase  in  the  mean  blood 
pressure  (287).  Work  with  the  photoelectric 
plethysmograph  also  indicates  the  more  or 
less  general  character  of  the  vasoconstrictor 
reflex  (84).  However,  the  cutaneous  vessels 
of  the  head  particijiate  only  weakly  in  reflex 
vasoconstriction  or  may  even  dilate  at  the 
same  time  that  digital  skin  vessels  contract 
vigorously  (p.  75)  (84). 

On  the  whole,  the  skin  is  a  highly  resjion- 
sive,  if  not  the  most  responsive,  organ  to 
vasoconstrictor  stimuli.  The  difference  in 
responsiveness  is  particularly  marked  if  the 
skill  IS  compared  with  skeletal  muscle.  Stim¬ 
uli  producing  vasoconstriction  in  the  skin 
have  no  such  effects  on  the  blood  flow  in  the 
muscles  and  may  even  increase  it  (HO) 
This  is  analogous  to  the  effect  of  small  doses 
of  epmephnne,  which  cause  constriclioiis  of 
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cutaneous  blood  vessels  but  increase  the 
flow  through  muscles.  'Fhe  difference  be¬ 
tween  skin  and  muscle  reactivity  is  due 
partly  to  the  fact  that  muscles  contain 
sympathetic  vasodilator  fibers  (47),  whereas 
in  the  skin  such  fibers  have  not  been  con¬ 
clusively  demonstrated  (see  below).  Cutane¬ 
ous  vessels  respond  to  both  sympathetic 
stimulation  and  epinephrine  by  vasocon¬ 
striction  exclusively  (195,  125).  Slow  infu¬ 
sion  of  epinephrine  causes  a  measurable 
increase  in  oxygen  consumption  and  in  body 
temperature.  This  effect  comes  about  by 
cutaneous  vasoconstriction,  which  reduces 
heat  dissipation  and  thereby  causes  a  rise  in 
body  temperature  and  consequently  in  the 
metabolic  rate.  That  this  assumption  is  cor¬ 
rect  was  shown  by  Whitcher  and  Griffith 
(283).  They  demonstrated  that  after  re¬ 
moval  of  the  skin  from  the  whole  body  sur¬ 
face  (except  from  the  head,  tail,  and  feet) 

VI 1.  \  ASOUILAT.VnON 

A.  THE  PROBLEM  OF  SYMPATHETIC  VASO¬ 
DILATOR  FIBERS  TO  THE  SKIN 

Three  types  of  vasodilator  fibers  are 
known  to  occur  in  mammals,  viz.:  (1)  para¬ 
sympathetic  fibers,  originating  in  the  cranial 
and  sacral  divisions  of  the  central  nervous 
system;  (2)  sympathetic  vasodilator  fibers, 
and  (3)  dorsal-root  or  ‘‘antidromic”  vaso¬ 
dilator  fibers.  In  addition,  neurogenic  vaso¬ 
dilatation  results  from  vasoconstrictor  pa¬ 
ralysis  with  decreased  vasoconstrictor  tone 
(p.  85).  Parasympathetic  (cholinergic)  vaso¬ 
dilator  fibers,  such  as  those  innervating 
the  salivary  glands  and  the  penis,  are  not 
known  to  occur  in  the  skin. 

The  existence  of  vasodilator  fibers  which 
would  reach  the  skin  along  the  same  sym¬ 
pathetic  pathways  as  the  vasoconstrictor 
fibers  has  been  postulated  on  the  basis  o 
indirect  evidence.  One  important  observa¬ 
tion  has  been  that  heating  the  body  pro¬ 
duces  a  greater  blood  flow  in  a  normal  ex¬ 
tremity  than  in  an  extremity  which  has  been 
sympathectomized  (190).  Therefore,  it  was 


epinephrine  is  no  longer  effective  in  this 
regard  (283). 

C.  VASOCONSTRICTION  BY  LOCAL 
REFLEX  MECHANISM 

Whether  constrictor  axon-reflex  mecha¬ 
nisms  (p.  93)  operate  within  the  skin  is  not 
certain.  In  frog  skin  Krogh  (170)  observed 
that  if  an  artery  is  pricked,  there  is  capillary 
contraction  in  the  neighborhood  which  is 
dependent  on  intact  sympathetic  supply.  In 
man,  Coon  and  Rothman  (71)  observed 
the  rapid  development  of  pale  spots  in  areas 
surrounding  the  site  of  intradermal  injection 
of  nicotine  sulfate  1 : 10,000.  Such  injections, 
however,  are  known  to  stimulate  the  adren¬ 
ergic  pilomotor  nerves  (p.  170),  and  pos¬ 
sibly  the  vasoconstriction  observed  was 
caused  by  liberation  of  excess  nor-epineph- 
rine,  which  might  have  induced  vasocon¬ 
striction  without  the  interference  of  nerve 
impulses. 

OF  NERVOUS  ORIGIN 

concluded  that  sympathectomy  must  have 
disrupted  some  vasodilator  fibers;  if  reflex 
vasodilatation  following  heating  were  due 
only  to  sympathetic  paralysis,  the  reaction 
should  be  equal  on  both  sides.  Warren  et  at. 
(279),  however,  pointed  out  that  such  an 
e.xperiment  would  be  conclusiv'e  only  if  it 
were  carried  out  immediately  after  s\m- 
pathectomy,  because  later  there  is  a  com¬ 
pensatory  increase  in  vascular  tone  on  the 
sympathectomized  side  (p.  86)  which  great¬ 
ly  complicates  the  situation.  The  same 
difficulty  arises  in  interpreting  the  observa¬ 
tion  that  the  sympathectomized  limb  fails 

to  flush  on  local  heating  (153). 

If  in  the  area  of  flushed  heated  skin  a 
cutaneous  nerve  block  is  set,  the  skin  pales 
(129).  This  phenomenon,  too,  was  inter¬ 
preted  as  evidence  for  the  existence  of  vaso¬ 
dilator  sympathetic  fibers  to  the  skin:  seem¬ 
ingly,  by  paralysis  of  the  mixed  nerve,  ac¬ 
tive  vasodilatation  is  prevented.  However 
there  was  reason  to  doubt  the  validity  o 
these  experiments  (279). 


Circulation 


89 


Experiments  of  Warren  el  al.  (279)  indi¬ 
cate  that  there  are  no  vasodilator  sym¬ 
pathetic  fibers  in  the  skin.  These  authors  in¬ 
filtrated  sympathetic  ganglia  with  procaine 
and  found  that  the  sympathetic  paralysis 
thus  produced  in  the  hands  led  to  as  com¬ 
plete  vasodilatation  as  did  local  heating  or 
general  heating.  Sarnoff  and  Simeone  (252), 
studying  indirect  vasodilatation  in  the  skin 
by  heating  other  parts,  also  came  to  the 
conclusion  that  this  reaction  is  due  exclu¬ 
sively  to  central  inhibition  of  vasoconstric¬ 
tor  impulses  and  not  to  active  vasodilata¬ 
tion.  Thus  the  existence  of  vasodilator  sym¬ 
pathetic  fibers  in  the  skin  remains  at  least 
doubtful.^ 

B.  ANTIDROMIC  VASODILATATION 

From  the  dermatological  point  of  view, 
probably  the  most  important  vasodilator 
impulses  to  the  skin  are  the  so-called  “anti¬ 
dromic  impulses.”  If  in  the  dog  or  cat  dorsal 
roots  are  sectioned  and  the  peripheral 
stumps  stimulated,  the  skin  of  the  cor¬ 
responding  dermatome  segment  becomes 
flushed  by  active  arteriolar  vasodilatation. 
This  phenomenon  was  first  observed  by 
Strieker  in  1876  (268)  and  was  later  studied 
in  great  detail  by  Bayliss  (24,  25,  26).  He 
found  that  the  fibers  causing  vasodilatation 
did  not  degenerate  after  section  of  the  dorsal 
roots  if  the  section  was  made  proximal  to  the 
dorsal  ganglion,  but  they  did  degenerate  if 
the  dorsal  ganglia  were  removed.  He  con¬ 
cluded  that  the  nutrient  cells  of  the  vaso¬ 
dilator  fibers  were  located  in  the  dorsal 
ganglia.  Bayliss  (25,  26,  27)  and  Langley 
(180,  181)  demonstrated  that  only  cutane¬ 
ous  blood  vessels  were  involved  in  this 
phenomenon.  In  man,  ().  Foerster  (113)  ob¬ 
tained  cutaneous  vasodilatation  in  segmen¬ 
tary  distribution  by  stimulation  of  dorsal 
roots  at  various  levels  of  the  cord.  It  was 

evidence  foCii;! 

va»dd,tlr(i^  existence  ot  sympathetic  cholinergic 
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thought  probable  that  vasodilator  fibers, 
analogous  to  those  in  dorsal  roots,  also  exist 
in  cranial  nerves,  particularly  in  the  tri¬ 
geminal  nerve  which  carries  the  impulses  to 
the  face  and  tongue.  Electrical,  thermal, 
and  mechanical  stimulations  of  the  dorsal 
roots  are  equally  effective  in  eliciting  cu¬ 
taneous  vasodilatation. 

It  appeared  that  the  dorsal  roots  convey 
not  only  afferent  (sensory)  impulses,  as 
postulated  by  the  Bell-Magendie  law,  but 
also  efferent  (vasodilator)  impulses.  Bayliss 
assumed  that  the  centrifugal  vasodilator 
impulses  run  in  the  same  fibers  as  those 
which  mediate  the  centripetal  sensory  im¬ 
pulses,  and  he  termed  the  vasodilator  im¬ 
pulses  “antidromic,”  because,  apparently, 
they  were  running  in  a  direction  opposite  to 
that  in  which  sensory  impulses  travel. 

Barron  and  Matthews  (20,  21)  demon¬ 
strated  electrophysiologically  as  well  as  by 
histological  control  of  degeneration  experi¬ 
ments  that,  beyond  doubt,  all  vasodilator 
fibers  have  their  nutrient  cell  stations  in  the 
dorsal-root  ganglia,  just  as  sensory  fibers  do. 
They  found  that  a  large  fraction  of  the  im¬ 
pulses  which  end  with  cutaneous  vasodilata¬ 
tion  are  reflexes;  they  start  in  a  peripheral 
sense  organ  and  run  through  the  dorsal  root 
to  the  cord.  Here  the  fibers  carrying  the  im¬ 
pulse  pass  a  long  or  short  distance  up  or 
down  the  cord  and  leave  it  again  by  a  dorsal 
rootlet,  which  might  be  far  from  the  rootlet 
containing  the  entrant  fibers.  They  also 
found  that  as  high  a  proportion  as  40  jier 
cent  of  dorsal-root  fibers  can  carry  efferent 
impulses.  At  present  it  is  still  not  decided 
whether  the  same  fibers  carry  centripetal 
(sensory)  and  centrifugal  (vasodilator)  im¬ 
pulses  or  whether  they  are  different  fibers 
running  together  and  having  (at  least  in  the 
periphery)  the  same  relay  station. 

Lewis  assumed  that  the  antidromic  fibers 
are  distinct  from  sensory  fibers  when  he 
developed  his  theory  of  a  “nocifensor”  nerv¬ 
ous  sys  to  (187)  and  when  he  postulated 
lat  this  system  is  responsible  for  anti- 
cromic  and  axonal  vasodilatation  (p.  91) 
anc  or  the  spread  of  hyperalgesia  (p.  131) 
but  uot  for  pain  or  otifer  cutaneous  sensa- 


9() 


Physiology  and  Biochemistry  of  the  Skin 


lions.  This  theory  of  a  special  nervous  sys¬ 
tem  serving  defense  reactions  against  skin 
injuries  has  not  gained  acceptance  (274,  278) 
either  anatomically  or  physiologically.  Hut, 
irrespective  of  the  theory  as  a  whole,  the 
j)ossibility  that  sensory  and  vasodilator 
posterior-root  fibers  are  separate  has  not 
lieen  disproved.  The  simple  fact  that  mod¬ 
erately  intense  pain  stimuli  do  not  lead  to 
vasodilatation  and,  conversely,  that  some 
stimuli  may  elicit  vasodilatation  without 
causing  pmin  seems  to  support  the  idea  that 
there  are  two  kinds  of  posterior-root  fibers. 

The  antidromic  vasodilatation,  as  com¬ 
pared  with  other  vasomotor  responses,  is  a 
delayed  and  prolonged  response  to  a  brief 
stimulus.  The  flush  gradually  increases  to  a 
maximal  intensity  over  a  period  of  about 
20-40  seconds  and  then  declines  over  a  pe¬ 
riod  of  5-10  minutes  at  an  imperceptible 
rate  (186).  Because  of  this  peculiar  sluggish¬ 
ness,  it  was  assumed  that  the  nerve  impulses 
act  through  the  liberation  of  metabolites 
(181);  and  indirect  evidence  was  presented 
by  Lewis  and  Marvin  (189)  that  this^  is 
actually  the  case.  Dale  and  Gaddum  (77) 
suggested  in  1930  that  the  liberated  sub¬ 
stance  could  be  acetylcholine,  which  dilates 
the  arterioles  primarily.  In  1936  Wybauw 
(290,  291,  292,  293)  actually  demonstrated 
that  antidromic  vasodilatation  is  associated 
with  the  liberation  of  acetylcholine  in  the 
periphery.  He  identified  acetylcholine  in  the 
perfusion  fluid  returning  from  a  limb  in 
which  antidromic  vasodilatation  had  been 
induced.  This,  together  with  the  demonstra¬ 
tion  of  liberation  of  acetylcholine  in  axonal 
vasodilatation  in  man  (244),  leaves  little 
doubt  that  antidromic  vasodilatation  is  a 
cholinergic  impulse,  at  least  primarily.  The 

difficulty  in  accepting  acetylcholine  as  the 

only  mediator  has  been  the  relatively  long 
duration  of  the  vasodilatation,  because 
acetylcholine,  once  liberated,  is  rapidly  de¬ 
composed  by  the  cholinesterases  of  the  tis¬ 
sue.  Lewis  (186)  suggested  that,  althoug 
the  nerve  fibers  in  question  are  cholinergic, 
the  vasodilatation  comes  about  in  an  in¬ 
direct  way:  acetylcholine  is  ‘ 

acts  upon  cells  in  the  skin,  which,  m  turn,  re¬ 


lease  the  more  stable  histamine  (or  H-sub- 
stance)  which  is  responsible  for  the  vasodila¬ 
tation.  It  is  hard  to  accejit  Lewis’  interpreta¬ 
tion,  because  the  antidromic  flush  never 
wheals  or  itches.  A  much  simpler  explana¬ 
tion  for  the  long  duration  of  a  cholinergic 
effect  would  be  the  assuniiition  that  the 
short  nerve  stimulation  is  followed  by  a 
series  of  afterdischarges. 

However,  Lewis’  theory  has  gained  suj)- 
port  by  the  work  of  Kwiatowski  (172),  who 
demonstrated  a  marked  increase  in  hista¬ 
mine  content  in  the  returning  venous  blood 
in  the  limbs  of  cats  after  antidromic  vaso¬ 
dilatation.  Kwiatowski  even  found  hista¬ 
mine  in  the  nerves  themselves,  with  the 
highest  concentrations  in  the  distal  parts  of 
sensory  nerves  of  the  skin  and  generally  “in 
all  nerves  which  possess  the  property  of 
antidromic  vasodilatation.”  Therefore,  in 
addition  to  the  theory  of  indirect  liberation 
of  histamine  by  cholinergic  impulsp,  Kwia¬ 
towski  also  considered  the  possibility  of  the 
existence  of  “histaminergic”  fibers  as  pos¬ 
sibly  responsible  for  antidromic  vasodilata¬ 
tion.  That  histamine  within  the  nerve  has 
some  functional  significance  is  indicated  by 
the  fact  that  it  disappears  when  the  nerve 
has  degenerated  (172).  Von  Luler  (105), 
who  also  demonstrated  the  i)resence  of  hista¬ 
mine  in  nerve  substance,  came  to  the  same 
conclusion.  He  stated  that  the  great  differ¬ 
ences  in  histamine  content  of  different 
nerves  suggest  some  specific  action  of  tins 
“ergon,”  correlated  to  the  function  of  the 
nerve,  such  as  is  known  for  acetylcholine 
and  “sympathin.”  In  favor  of  the  histamine 
theory  of  vasodilatation  it  also  can  be  said 
that  facial  flush  can  be  elicited  in  man  (13/, 
280,  156),  by  intravenous  injections  of  care¬ 
fully  measured  amounts  of  histamine,  acting 
directly  on  the  minute  vessel  walls. 

The  findings  of  Hellauer  and  bmrath 
(142  275)  indicate  that  possibly  neither 

acetylcholine  nor  histamine  but  a  third  su  )- 
stance  is  the  mediator  of  antidromic  vaso- 
dUatation.  This  sut, stance  ys  exlrac  ed 
from  dorsal  roots  and  caused  a  slow  y  e- 
veloliing  deep  Hush  when  injected  into 
(lormal  or  tlenervate.l  rabbit  ear.  It  was  con- 


91 


Circulation 


clusively  shown  that  this  substance  is  differ¬ 
ent  from  acetylcholine  and  histamine. 

While  there  is  general  agreement  that 
axonal  (local  reflex)  vasodilatation  (see  be¬ 
low)  is  due  to  impulses  of  the  dorsal-root 
fiber  system,  it  is  not  known  whether  or  not 
physiologically  {)urely  efferent  central  nerv¬ 
ous  impulses,  passing  through  posterior 
roots,  arrive  in  the  skin  and  cause  vaso¬ 
dilatation.  It  would  be  quite  important  to 
know  whether  emotional  blushing  in  man  is 
or  could  be  an  antidromic  impulse.  The 
question  has  been  dealt  with  rather  cau¬ 
tiously  by  Lewis  (186)  but  essentially  has 
remained  unanswered.  In  its  development, 
emotional  blushing  is  certainly  similar  to 
antidromic  vasodilatation;  it  reaches  its 
maximal  intensity  and  extension  in  about  ^ 
minute  and  persists  for  about  10  minutes. 

I  have  dealt  with  the  phenomenon  of 
antidromic  vasodilatation  in  some  detail  be¬ 
cause  our  present  knowledge  suggests  that 
this  type  of  vasodilatation  may  be  of  great 
significance  in  the  life-processes  of  the  skin 
under  physiological,  as  well  as  pathological, 
conditions,  kirst,  it  functions  in  response  to 
local  injury,  and,  second,  it  may  come  into 
play  as  a  “psychosomatic”  influence  in  in¬ 
flammatory  skin  diseases.  The  antidromic 
impulse  causes  arteriolar  dilatation,  which 
increases  the  intensity  of  inflammatory 
processes,  raises  skin  temperature,  and  de¬ 
creases  sensory  thresholds  (p.  136).  Like 
emotional  embarrassment,  emotions  of  ap¬ 
prehension  or  resentment,  so  common  in 
patients  with  itching  skin  diseases,  may  also 
cause  arteriolar  vasodilatation  and  exacer¬ 
bation  of  the  pathological  process,  possibly 
far  beyond  the  areas  of  common  blushing 
through  central  antidromic  impulses. 

Practical  methods  of  preventing  or  coun¬ 
teracting  antidromic  vasodilatation  have 
not  been  developed.  If  Lewis’  and  Kwia- 
towski’s  assumption  is  correct,  antihista- 
minics  should  be  effective.  They  certainly 
are  not  effective  in  blocking  axonal  vaso¬ 
dilatation  (193),  an  impulse  which  runs  in 
the  same  pathway  as  antidromic  impulses 
(see  below).  If  the  chief  liberated  metabolite 
IS  acetylcholine,  its  neutralization  is  a  more 


difficult  jiroblem.  Atro])ine,  in  my  exjieri- 
ence,  ajiparently  does  not  block  the  vaso¬ 
dilator  effect  of  acetylcholine,  and  I  assume 
that  this  is  because  the  effect  on  cutaneous 
blood  vessels  is  not  a  “muscarinic”  but  a 
“nicotinic”  action  of  acetylcholine  (p.  169). 
However,  in  unpublished  experiments,  Dr. 
Lorincz  (193)  in  our  laboratory  was  unable 
to  prevent  axonal  vasodilatation  by  high 
doses  of  nicotine  (p.  169).  Nor  was  he  able 
to  influence  vasodilatation  in  man  by  the 
administration  of  the  newer  curare-like 
“anti-nicotinic”  drugs.®  Recently,  Lobitz 
and  Campbell  (191)  found  that  some  vas¬ 
cular  effects  of  acetylcholine  in  the  human 
skin  can  be  blocked  by  atropine  (j).  81). 
Thus  it  is  obvious  that  further  research  in 
this  field  is  highly  desirable. 


C.  AXON-REFLEX  VASODILATATION 


If  the  stroke  stimulus  by  which  a  “red 
line”  is  produced  in  normals  is  unusually 
strong  or  if  the  stroke  is  carried  out  on  a 
subject  with  factitial  urticaria,  the  originally 
sharply  defined  red  line,  after  a  few  seconds, 
suddenly  spreads  into  the  surrounding  skin. 
The  flush  or  flare  around  the  red  line  usually 
has  a  diameter  of  2-3  cm.  but  exceptionally 
can  be  as  large  as  10  cm.  In  any  case  it  is  al¬ 
ways  much  more  extended  than  the  local  re¬ 
action.  On  the  extremities  the  shape  of  the 
flare  is  usually  roughly  oval  if  the  stroke  has 
been  made  in  the  long  axis  of  the  extremity 
(186).  Its  edges  are  always  irregular  and 
poorly  defined. 

The  flare  develops  later  and  disappears 
earlier  than  the  local  reddening.  It  does  not 
become  cyanotic  but  preserves  its  arterial 
tint  until  it  disappears.  The  intensity  of  the 
color,  however,  is  not  uniform.  Before  its 
disappearance  it  may  become  quite  mottled. 
The  surface  temperature  on  the  flare  is 
higher  than  in  the  area  of  local  reaction,  in- 
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lo  counteract  axonal 
vasodilatation  by  atropine  in  man,  Armin  and  Grant 
have  recently  shown  that  in  the  rabbit’s  ear  the 
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(Heating  greater  arterial  flow  in  the  flare. 
While  the  local  reaction  comes  about  by  re¬ 
laxation  of  muscular  elements  of  the  small¬ 
est  vessels,  the  flare  originates  from  dilata¬ 
tion  of  arterioles  (208,  72).  Idiese  are  the 
“arched”  arterioles  of  Lewis  (186),  which 
supply  from  below  the  subpapillary  arterial 
plexus  and  all  of  which  supply  areas  as  wide 
a;  3-4  mm.  in  diameter.  Their  dilatation 
causes  the  smaller  vessels  to  dilate  passively, 
so  that  reddening  of  the  surface  ensues. 

The  red  flare  is  the  result  of  a  nervous 
impulse.  It  fails  to  appear  in  skin  areas  the 
nerves  of  which  have  degenerated.  Original- 


for  such  mechanism  operating  in  the  red 
flare  is  given  in  Figure  13. 

1.  In  skin  areas  anesthetized  by  local  in¬ 
filtration  with  anesthetics,  whealing  stimuli 
will  elicit  local  reddening  and  wheal  forma¬ 
tion  but  no  red  flare.  The  reason  for  the  ab¬ 
sence  of  the  flare  is  that  the  ramifying  axon 
system  has  been  made  unresponsive  to  the 
injurious  stimulus  by  the  local  anesthetic. 

2.  In  skin  areas  anesthetized  by  block 
anesthesia  of  the  supplying  nerve  trunk,  the 
red  flare  develops  with  the  same  intensity 
and  extent  as  in  control  areas,  in  spite  of  the 
jirevailing  complete  sensory  anesthesia.  The 


F.O.  ,3.  ;  Local  infiluation  anesthesia  ^at  f  ^ 

“dtPy  al  r^ve^ng  cirection  with  nutrient  center,  has  causerl  riegeneration  of  fiber  now  unable  to 
carry  impulses. 


ly,  it  was  thought  that  development  of  the 
flare  depends  on  a  spinal  reflex.  The  work  of 
Bruce  (43),  Bardy  (17),  Breslauer  (40),  and 
mainly  Lewis  and  Clrant  (188)  has  deary 
established  the  fact  that  the  red  flare  is  the 
result  not  of  a  spinal,  but  of  a  local, 
mechanism.  'Fhis  form  of  reflex,  first  called 
“axon  reflex”  by  Langley  (182),  has  no 
interpolated  nerve  cell  in  its  path.  4  he  im¬ 
pulse  caused  by  the  injury  travels  centrip- 
etally  through  one  or  several  stim^ulatec 
branches  of  a  ramified  axon  to  the  highest 
point  of  ramification  and  from  there  runs 
centrifugally  over  all  branches  stimulating 
the  total  area  supplied  by  all  branches.  i 
due  to  a  considerable  extension  of  the  ramifi¬ 
cations  that  the  flare  spreads  f^  beyond  t  e 
area  of  the  original  stimulus.  The  evidenc 


reason  for  the  appearance  of  the  red  flare  is 
that  although  the  block  interrupted  the 
connection  between  periphery  and  center,  it 
left  the  axon  at  the  highest  point  of  ramifica¬ 
tion  and  all  the  rami  intact. 

3.  In  skin  areas  the  supplying  nerve 
trunk  of  which  has  been  recently  inter¬ 
rupted  by  injury,  so  that  the  area  has  be¬ 
come  anesthetic,  the  red  flare  again  appears 
as  it  does  in  normal  skin,  the  reasons  being 

the  same  as  in  case  2. 

4.  In  skin  areas  in  which  the  sui^plying 
nerve  trunk  has  been  destroyed  and  time 
enough  has  elapsed  for  its  degeneration,  the 
red  flare  does  not  develop.  The  reason  for  its 
absence  is  that  the  perijiheral  end  of  the 
axon  has  been  separated  from  its  nutrient 
center  and  sufficient  time  has  elapsed  for  the 
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peripheral  part  of  the  axon  to  degenerate 
and  to  become  unresponsive  to  stimulation 
by  the  injury.  Local  reddening  and  local 
wheal  formation  remain  normal  in  such 
areas.  This  behavior  of  the  red  flare  is  inde¬ 
pendent  of  the  type  of  primary  stimulation. 
It  behaves  in  the  same  manner  in  response  to 
mechanical,  electrical,  thermal,  or  chemical 
stimuli  which  normally  produce  a  red  flare. 

The  fibers  carrying  this  axon-reflex  im¬ 
pulse  have  their  nutrient  center  in  the 
dorsal  ganglia.  They  were  regarded  by  many 
as  ‘'sensory”  fibers.  Certainly,  areas  of  anal¬ 
gesia  and  areas  in  which  the  red  flare  fails  to 
appear  coincide  precisely,  and  this  indicates 
the  same  pathway  for  the  two  functions. 
The  possibility,  however,  that  there  are  two 
sets  of  nonidentical  posterior-root  fibers  has 
not  been  excluded,  as  discussed  in  the  pre¬ 
ceding  section. 

If  conclusions  by  analogy  with  sym¬ 
pathetic  axon  reflexes  are  permitted,  one 
may  assume  that  the  highest  point  of  rami¬ 
fication  of  the  posterior-root  axon  is  in  the 
mid-corium  (p.  170). 

Axon-reflex  flare  elicited  from  the  periph¬ 
ery  and  antidromic  vasodilatation  elicited 
from  ganglia  or  nerve  trunks  appear  to  be 
identical.  Both  operate  only  in  the  skin  and 
possibly  in  adjacent  mucous  membranes;  in 
internal  organs  neither  antidromic  vasodila¬ 
tation  nor  axon-reflex  flare  can  be  elicited. 
Both  have  a  latent  period  of  20-40  seconds; 
with  short-term  stimulation,  both  last  5-10 
minutes  and  both  behave  as  if  they  came 
about  by  the  liberation  of  a  vasodilator  sub¬ 
stance  (189,  186). 

It  should  be  pointed  out  that  the  red 
flare  is  completely  Independent  of  sympa¬ 
thetic  nerve  supply.  The  reaction  is  seen  to 
occur  in  a  normal  fashion  after  svmpathec- 
tomies  (165). 

The  nature  of  the  mediating  substance  in 
the  axon-reflex  flare  is  as  problematic  as 
that  of  antidromic  vasodilatation.  Dale  (75) 
suggested  that  the  arteriolar  dilatation  is 
brought  about  by  liberation  of  acetylcho¬ 
line,  and  Rothman  and  Coon  (244)  actuallv 
demonstrated  acetylcholine  in  liquid  ob¬ 
tained  by  scarification  of  histamine  wheals 


in  man  when  the  decomposition  of  acetyl¬ 
choline  was  prevented  by  local  application 
of  physostigmine.  Still  the  intervention  of 
histamine  and/or  of  the  sensory  substance 
of  Umrath  and  Hellauer  (275)  has  not  been 
excluded. 

There  has  been  anatomical  evidence  for 
collateral  branches  of  “sensory”  fibers  sup¬ 
plying  arteriolar  walls  and  for  such  col¬ 
lateral  paths  extending  for  distances  as  long 
as  1  inch  (289).  It  has  been  implied  that  in 
such  an  arc  the  afferent  branch  is  “sensory,” 
coming  from  a  sensory  receptor  organ,  while 
the  different  efferent  branches  lead  to  ar¬ 
terioles.  Experience  with  sympathetic  (pilo¬ 
motor  and  sweat)  axon  reflexes  (pp.  168  ff.) 
suggests,  however,  that  in  the  red-flare  axon 
reflex,  too,  the  impulse  may  run  centripetal- 
ly  as  well  as  centrifugally  in  all  ramifications 
of  the  same  axon  and  that  all  the  branches 
are  physiologically  identical.  The  highest 
point  of  ramification  apparently  has  some 
autonomous  relay  function  comparable  to 
that  of  ganglion  cells  (p.  171),  with  the 
double  function  of  receiving  the  afferent  im¬ 
pulse  and  then  discharging  it  in  the  opposite 
direction  over  all  rami. 

It  should  be  kept  in  mind  that  a  portion 
of  the  hyperemia  in  any  cutaneous  inflam¬ 
matory  process  could  be  due  to  axonal  vaso¬ 
dilatation.  The  original  experiments  of 
Bruce  (43)  indicated  that  the  inflammation 
itself  has  a  milder  course  in  denervated  areas 
than  elsewhere.  The  axon-reflex  flare  possibly 
also  involves  the  central  area  of  direct  injury. 

A  surprising  pathological  finding  has  been 
recorded  by  Eyster,  Roth,  and  Kierland 
(10/).  Their  patients  with  atopic  dermatitis 
responded  to  intradermal  injection  of  hista¬ 
mine  with  normal  whealing,  but  no  red  flare 
developed  around  the  wheal  in  these  sub¬ 
jects.  Previously,  Norrlind  (215)  had  noted 
that  in  such  patients  no  “halo”  developed 
around  positive  protein-allergen  whealing 
skin  tests.  These  findings,  of  course,  fit  well 
the  observation  of  Lobitz  (191)  on  vaso¬ 
constrictor  responses  to  acetylcholine  in 
such  patients.  If  atopic  individuals  respond 
o  acetylcholine  with  vasoconstriction,  no 
cholinergic  vasodilatation  can  be  expected. 
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VITT.  THE  TRIPLE  RESPONSE  OF  LEWIS  AND 
THE  HISTAMINE  THEORY 


The  whealing  reaction  is  composed  of 
three  component  parts:  (1)  local  vasodilata¬ 
tion  of  the  minute  vessels,  causing  local  red¬ 
dening;'^  (2)  local  increased  vascular  perme¬ 
ability,  causing  local  wheal  formation;  and 
(3)  a  vasodilator  axon-reflex  impulse  with 
arteriolar  dilatation,  causing  the  red  flare. 
This  is  Lewis’  “triple  response”  of  the  skin 
to  injury. 

It  has  been  the  fruitful  concept  of  Lewis 
(186)  that  this  reaction,  which  appears  quite 
uniformly  in  response  to  a  great  many  and 
most  heterogeneous  physical  and  chemical 
urticariogenic  stimuli,  is  so  uniform  because 
all  the  stimuli  eliciting  this  response  act  not 
directly  on  vascular  and  nervous  elements 
but  by  liberating  a  diffusible  substance  from 
the  injured  cells,  which,  in  turn,  stimulates 
the  vascular  and  nervous  elements  when  it 


reaches  them  by  diffusion. 

Indirect  evidence  for  the  humoral  mecha¬ 
nism  of  the  triple  response  was  brought  for¬ 
ward  by  Lewis  and  his  co-workers  in  a  bril¬ 
liant  series  of  experiments  (186).  One  of  the 
most  impressive  pieces  of  evidence  was  the 
behavior  of  the  triple  response  if  the  stimu¬ 
lus  was  applied  to  the  skin  after  the  circula¬ 
tion  had  been  arrested  previously  by  exter¬ 
nal  compression.  The  wheal  does  not  develop 
as  long  as  the  occlusion  lasts,  because  the 
external  pressure  hinders  the  outpouring  of 
plasma  through  the  injured  vessels.  How¬ 
ever,  after  release  of  the  occlusion,  the  triple 
response  immediately  appears  and  lasts  ex¬ 
actly  as  long  as  it  lasted  when  the  circula¬ 
tion  had  not  been  arrested  and  when  the 
wheal  had  formed  right  after  stimulation. 
The  delay  by  circulatory  arrest  can  hardly 
be  interpreted  in  any  other  way  but  as 
interference  with  some  humoral  mecha¬ 
nism.  The  released  substance  is  retained  as 
long  as  there  is  no  blood  flow  to  carry  > 
away.  Once  the  circulation  is  restored,  the 

7  The  vasodilatory  action  of  histamine  is,  ac- 
cording  to  Zwcitncli  (2W),  most  conspicuous  on 
precapillary  sphincter  and  mctarteriolc. 


removal  of  the  substance  takes  the  same 
length  of  time  as  it  took  when  the  circulation 
had  not  been  interfered  with. 

Lewis  assumed  that  the  substance  in  ques¬ 
tion  is  histamine,  which  is  known  to  occur  in 
epidermal  cells  and  which  might  be  easily 
liberated  if  epidermal  cells  are  injured.® 
Furthermore,  histamine  is  the  only  physio¬ 
logically  occurring  substance  which  elicits 
the  triple  response.  Among  all  known  chem¬ 
ical  compounds  causing  triple  response,  his¬ 
tamine  is  the  only  one  which  causes  it 
in  such  extremely  low  concentrations  as 
1 : 1,000,000  to  1 : 2,000,000,  a  concentration 
which  easily  might  be  present  in  the  tissue 
fluid  after  cellular  damage.  The  triple  re¬ 
sponse  elicited  by  histamine  behaves  in  all 
minute  details  and  under  all  tested  artificial 
conditions  in  exactly  the  same  way  as  triple 
responses  elicited  otherwise  and  occurring 
under  natural  conditions  (Fig.  14).  Finally, 
if  the  triple  response  is  elicited  over  large 
surfaces,  a  fall  in  blood  pressure  and  an  in¬ 
crease  in  gastric  acidity  are  noted,  signs  which 
can  be  best  interpreted  as  being  caused  by 
an  overflow  of  excess  histamine  into  the  gen¬ 
eral  circulation.  Among  others,  Horton  et  at. 
studied  this  phenomenon  in  cold  urticaria 
(150)  and  Beal  in  solar  urticaria  (27). 

The  histamine  theory  postulates  that  the 
last  link  in  the  chain  of  events  in  the  de¬ 
velopment  of  the  triple  response  is  always 
liberation  of  histamine.  Morphine,  for  in¬ 
stance,  is  urticariogenic,  because  ii  it  is  in¬ 
jected  into  the  skin  it  causes  liberation  of  his¬ 
tamine  (p.  84).  Some  natural  urticariogenic 
agents,  however,  contained  preformed  hista¬ 
mine,  and,  of  course,  in  such  cases  liberation 
of  histamine  from  within  the  cells  need  not 
1)0  assumed.  For  instance,  the  fluid  of  nettle 
hairs  {Urtica  wens)  has  a  histamine  con- 


Recent  evidence  strongly  suggests  that  the 

,  if  not  the  only,  sources  of  ?RiW 

last  cells  and  not  the  epidermal  cells  (J.  _F.  Riley 
R  West  The  presence  of  histamine  in  tissue 
cells,  J.  rhysiol.,  120:528-37,  1953). 
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centration  of  1:1, (KM),  far  more  than  suffi¬ 
cient  to  elicit  a  triple  response  (102).  Prob¬ 
ably,  the  commercial  [)eptone  preparations 
also  act  by  virtue  of  their  histamine  content. 

In  the  majority  of  the  cases,  however,  the 
source  of  histamine  is  endogenous.  That 
histamine  is  actually  liberated  in  the  skin 
and  then  carried  away  by  the  blood  stream 
or  enzymatically  decomposed  can  be  con- 
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eluded  from  hndings  on  the  decrease  of  his¬ 
tamine  content  in  the  skin  after  the  develop¬ 
ment  of  the  triple  response  (219,  214).  Lewis 
himself  was  never  able  to  demonstrate  ac¬ 
tually  in  loco  the  liberation  of  histamine  fol¬ 
lowing  injury.  Therefore,  he  called  the 
hypothetical  material  “H-substance,”  indi¬ 
cating  that  it  is  either  histamine  or  a  hista¬ 
mine-like  substance.  By  now  sufficient  evi- 
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dence  is  available  to  show  that  the  H-sub- 
stance  is  actually  histamine. 

The  histamine  content  of  the  normal  skin 
is  relatively  high  but  very  variable,  accord¬ 
ing  to  species  and  individuals.  Expressed  in 
micrograms  per  gram  wet  weight  of  total 
skin,  the  determinations  of  Granroth  and 
Nilzen  (126)  yielded  the  following  values, 
expressed  in  micrograms  per  gram  wet 
weight:  guinea  pig,  4.5-10.6;  rabbit,  10.5 
and  14.7;  cat,  31.3  and  21.7;  man,  8.5  and 
7.7.  These  data  match  well  with  those  of 
Tarras  and  Wahlberg  (271)  and  with  those 
of  Emmelin  (101).  Gate  and  associates  (118) 
found  higher  values  in  human  skin,  namely, 
10-22  7/gm  wet  weight.  All  these  analyses 
were  carried  out  by  the  Barsoum-Gaddum 
technic  as  modified  by  Code  (68).  By  this 
method  histamine  is  unequivocally  identi¬ 
fied. 

CH 

HN  N  — 

HC=C-CH2-CH  •  NHo-COOH 

Histidine 

That  such  a  mechanism  may  operate  in 
actinic  skin  damage  was  assumed  by  Ellin- 
ger  for  a  long  time  (96,  97).  More  recently 
two  observations  have  emerged  to  support 
the  view  that  histamine  can  be  formed  in  the 
skin  in  response  to  injury.  One  is  a  con¬ 
siderable  increase  in  the  histamine  content 
of  burned  skin  as  compared  with  that  of 
normal  skin  (17.5,  81);  the  second  deals  yvith 
a  compound  which  has  no  direct  antihista- 
minic  action  but  which  acts  pharmacologi¬ 
cally  by  counteracting  enzymatic  histidine 
decarboxylation.  This  compound  protects 
against  anaphylactic  shock,  which  is  pri¬ 
marily  a  manifestation  of  histaminemia 

(206)  (p.  97). 

The  expression  “liberation”  of  histamine 
Kjriginally  meant  that  intracellular  histamine 
passed  through  cell  membranes  and  acted  m 
'the  extracellular  space  on  the  contractile 
elements  of  minute  vessels.  However,  there 
is  evidence  that  histamine  is  present  in  a 
jDOund  form  in  thecal]  and  th.at  t,h^:  fir3tstep 


Increased  histaminemia  after  extended 
urticarial  reactions  indicates  that  excess  of 
histamine  may  be  liberated  in  the  skin,  so 
that  not  all  of  it  acts  on  cutaneous  vessels 
but  part  of  it  is  carried  away  by  the  blood 
stream.  However,  excess  liberated  histamine 
can  also  be  destroyed  in  the  skin  enzy¬ 
matically.  Grauroth  and  Nilzen  (126)  found 
that  skin  extracts  have  the  ability  to  destroy 
added  histamine  and  that  this  effect  is  enzy¬ 
matic.  The  “histaminolytic”  effect  is  most 
pronounced  in  skin  extracts  of  guinea  pigs, 
quite  appreciable  in  those  of  humans  and 
rabbits,  but  absent  in  those  of  cats. 

In  addition  to  the  release  of  preformed 
histamine  from  cells,  the  possibility  of  hista¬ 
mine  formation  in  response  to  injury  was 
also  considered.  Histamine  can  be  formed 
enzymatically  by  the  decarboxylation  of 
histidine: 

CH 

HN  N  +CO.. 

HC=C-CH2-CH2-NH2 

Histamine 

in  its  “liberation”  is  its  release  from  a  bound 
into  a  free  state.  In  numerous  experiments 
Dragstedt  and  his  co-workers  (91,  235)  sup¬ 
ported  the  theory  that  in  the  antigen-anti¬ 
body  reaction  which  ends  with  histamine 
liberation  the  first  event  is  the  activation  or 
unmasking  of  a  tissue  protease;  subsequent¬ 
ly,  the  activated  proteolytic  enzyme  splits 
off  histamine  from  the  tissue  protein  to 
which  it  was  bound.  Macintosh  and  Baton 
(194)  found  that  a  great  number  of  organic 
bases  (diamines  and  diamidines)  liberate 
histamine  from  tissues;  and  they  suggested 
a  specific  mechanism  of  histamine  release, 
histamine  may  be  displaced  from  its  com¬ 
bination  with  tissue  substances  by  chem¬ 
ically  similar  bases.  It  is  interesting  to^note 
that  such  bases  are  likely  to  “sensitize”  the 
skin  and  to  elicit  allergic  reactions.® 

Under  pathological  conditions  histamine 
liberation  occurs  most  frequently  as  the 

9  For  newer  work  on  histamine  liberators  see 
nn.  3,  8,  and  10  (pp-  84,  95,  and  97). 
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end-result  of  antigen-antibody  reactions. 
The  urticarial  type  of  hypersensitivity  in 
man  is  based  on  histamine  liberation  in  the 
skin.  Generalized  urticarial  reactions  in 
man,  as  they  occur  after  ingestion  of,  in¬ 
halation  of,  or  contact  with  foreign  ma¬ 
terials  or  after  the  action  of  physical  agents, 
are  based  on  a  hypersensitivity  mechanism. 
The  organism  has  developed  specific  anti¬ 
bodies  to  the  particular  offending  material, 
as  can  be  shown  in  many  cases  by  the  pas¬ 
sive  transfer  test  of  Prausnitz  and  Kiistner. 

The  histamine  theory  of  local  (urticarial) 
allergic  reactions  was  extended  to  systemic 
allergic  reactions  and  to  anaphylactic  shock, 
the  assumption  being  that  the  systemic 
signs  of  the  shock  are  caused  by  an  overflow 
of  histamine,  which  is  released  in  conse¬ 
quence  of  the  hypersensitivity  reactions  of 
the  tissues  (110).  Hypersensitivity  reactions 
release  histamine  not  only  in  the  skin  but 
also  in  many  other  tissues.  For  instance,  if 
whole  blood  of  sensitized  rabbits  is  mixed 
with  the  sensitizing  antigen  in  vitro,  hista¬ 
mine  is  released  from  the  cells  to  the  blood 
plasma  (160,  89).  As  early  as  1910,  Dale  and 
his  associates  (18,  78,  79)  suggested  that 
histamine  poisoning  is  a  possible  factor  in 
anaphylactic  shock.  Since  then,  the  hista- 
minic  mechanism  of  anaphylactic  shock  has 
been  the  subject  of  extended  studies,  with 
the  result  that,  although  some  manifesta¬ 
tions  of  the  shock  (such  as  decreased  co¬ 
agulability  of  blood,  which  is  due  to  release 
of  heparin  [90],  leukopenia,  changes  in  sedi¬ 
mentation  rate  of  red  cells)  are  not  directly 
due  to  histamine  liberation,  the  chief  event 
IS  indeed  poisoning  by  histamine.  Corre¬ 
spondingly,  antihistaminics  are  life-saving 
in  anaphylactic  shock  (109).  The  tremen¬ 
dous  value  of  Dale’s  and  Lewis’  histamine 
theory  became  evident  with  the  advent  of 
these  antihistaminic  agents. 

It  has  been  a  difficult  problem  to  inter¬ 
pret  the  hypersensitivity  mechanism  of  the 
so-called  “physical  allergies,”  in  which  a 
person  rather  suddenly  acquires  urticarial 
hypersensitivity  to  either  rubbing  cold 
heat,  or  ultraviolet  light  (p.  84)  ’  Th^i 
antibodies  are  present  in  thL  conditions 


has  been  proved  by  ])ositive  passive  transfer 
tests  (273,  8,  27).  But  what  “antigens”  these 
antibodies  react  with  is  difficult  to  fathom. 
The  best  current  interpretation  has  been 
that  of  Sulzberger  and  Baer  (270)  and  is  as 
follows.  Physical  actions  {iroduce  or  liberate 
normal  metabolites  which  do  not  cause  any 
reactions  in  normals.  However,  hypersensi¬ 
tivity  to  any  of  these  normal  metabolites 
can  be  acquired  in  the  same  way  as  hyper¬ 
sensitivity  is  acquired  to  food  ingredients  or 
to  drugs.  In  one  instance  this  normal  me¬ 
tabolite  has  been  discovered:  it  is  acetyl¬ 
choline  in  heat  urticaria.  Patients  with  this 
affliction  display  a  triple  response  to  local 
injections  of  high  dilutions  of  acetylcholine, 
and  their  trouble  is  that  they  respond  in  the 
same  way  to  acetylcholine  liberated  in  the 
skin  by  heat. 


Interestingly,  the  same  heat-sensitive  pa¬ 
tients  suffer  also  from  emotional  urticaria, 
also  called  “cholinergic  urticaria”  (131, 
149).  This  is  the  only  disease  whose  psycho¬ 
somatic  mechanism  is  relatively  well  under¬ 
stood.  Patients  suffering  from  this  disease 
are  overwhelmingly  young  females  with 
light  complexion.  They  break  out  with  gen¬ 
eralized  urticaria  when  they  get  excited 
and/or  when  they  get  warm.  The  disturb¬ 
ance  in  these  subjects  is  not  that  they  are 
exceedingly  emotional;  their  nerve  endings 
do  not  release  more  acetylcholine  than  nor¬ 
mal  or  do  not  release  it  more  readily,  but  the 
response  of  their  skin  to  liberation  of  acetyl¬ 
choline  is  pathologically  increased.  Acetyl¬ 
choline  not  only  causes  physiological  arteri¬ 
olar  dilatation  but  (probably  through  the 
mediation  of  histamine  liberation)  (187) 
also  a  full  triple  response.  Cholinergic  urti¬ 
caria  was  regarded  by  the  present  writer  as 
a  pathological  exaggeration  of  the  blushing 
reaction  (243). lo  ^ 


I  “jn-igicb  me  nor- 

mai  metabolite”  formed  under  the  action  of 
the  physical  agent  is  not  yet  known.  But  all 


tients  with  cholin  u  dcaS  blooT  U  f 

levels  are  moderately  reduceLr  ? 

*rva,io„s  on  cholLgenTc  /  L/a  7?'  °''' 
Dermat.,  21:173-82,  1953) 
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have  a  histaminic  mechanism,  as  is  shown 
by  their  effective  suppression  with  anti- 
histaminics  (248). 

It  should  be  kept  in  mind  that  in  all 
pathological  cases  of  urticarial  hypersensi¬ 
tivity  the  basic  pathological  event  is  forma¬ 
tion  of  antibodies  and  that  histamine  libera¬ 
tion  is  a  result  of  antigen-antibody  reac¬ 
tions.  Triple  response  to  histamine  is  a 
physiological  and  not  a  pathological  reac¬ 
tion.  It  is  not  surprising  that  histamine 
intradermal  tests  cannot  be  used  as  a  gen¬ 
eral  indicator  for  allergy  (108),  because  the 
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resulting  concentration  of  liberated  hista¬ 
mine  in  hypersensitivity  reactions  is  suffi¬ 
cient  to  cause  whealing  in  anybody  (186). 
For  the  same  reason  attempts  at  “desensi¬ 
tization  to  histamine”  are  based  on  a  rather 
awkward  concept.  Critical  review  of  the 
literature  on  “histamine  desensitization 
clearly  shows  that  it  is  not  possible  to  de¬ 
crease  appreciably  the  responsiveness  of  the 


skin  to  histamine.  r  •  m 

While  the  histamine  theory  of  urticarial 

and  anaphylactic  reactions  has  been  most 
satisfactorily  substantiated,  Lewis  i(  ea 
that  all  acute  inflammatory  processes  of  the 
skin  are  primarily  based  on  histamine  libera¬ 
tion  could  not  be  accepted.  The  evidence 
presented  in  favor  of  this  view  is  indirect, 


involved,  and  equivocal.  The  best  example 
to  illustrate  the  weakness  of  the  “general¬ 
ized”  histamine  theory  is  the  case  of  the 
sunburn  reaction.  This  reaction  has  a  latent 
period  of  one  to  several  hours.  Subsequently, 
reddening  develops  which  is  sharply  limited 
to  the  area  of  irradiation.  Granted  that  in 
some  cases,  particularly  when  the  irradiation 
dose  is  exceedingly  high  and/or  the  coverage 
has  not  been  tight  enough,  a  “diffusion 
flush”  may  be  observed  to  creep  into  the 
nonexposed  neighborhood,  as  shown  in  the 
illustration  of  Lewis  (186).  This  spread, 
hardly  ever  more  than  a  few  millimeters, 
certainly  cannot  be  compared  with  the 
widespread,  suddenly  appearing  flare  of  the 
triple  response.  In  addition  to  redness,  pro¬ 
portionately  to  the  dosage,  swelling  also 
develops  in  sunburn.  This  edema,  however, 
although  obviously  based  on  increased  cap¬ 
illary  permeability,  does  not  exert  pressure 
in  such  a  way  as  to  press  out  blood  from  the 
dilated  capillaries  and  cause  paling.  There  is 
tenderness  or  soreness  but  no  itching.  If  the 
irradiation  is  very  intense,  blistering  en¬ 
sues.  The  reaction  lasts  for  several  days  and 
is  followed  by  pigmentation  and  postin- 
flammatory  scaling.  Thus  there  is  nothing 
common  between  triple  response  and  sun¬ 
burn  reaction,  except  that  in  both  there  is 
injury  to  the  minute  vessels  (Table  2). 

One  of  the  least  acceptable  arguments  of 
Lewis  in  favor  of  an  identical  mechanism  in 
triple  response  and  ultraviolet  reaction  is  his 
reference  to  solar  urticaria  in  hypersensitive 
individuals.  He  thought  that  “on  this  basis 
any  remaining  doubt  as  to  the  essential 
sameness  of  the  chief  mechanism  underlying 
these  acute  resiionses,  triple  response  and 
those  to  ultraviolet  light,  disappears.’  It  is 
known  today  that  sunburn  reaction  and 
urticarial  reaction  to  ultraviolet  rays  have 
distinctly  different  action  spectra  (27),  dif¬ 
ferent  pathomechanism  (passive  transfer¬ 
able  antibodies  in  ultraviolet  solar  urti¬ 
caria),  and,  while  solar  urticaria  has  a  purely 
histaminic  mechanism  which  is  effectively 
suppressed  by  administration  of  antihista- 
minic  drugs,  nothing  like  that  can  be  said  of 
the  sunburn  reaction. 
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It  is  highly  j)robable  that  any  injurious 
stimulus  api)lied  to  the  skin  which  involves 
cellular  damage  causes  liberation  of  hista¬ 
mine.  For  instance,  in  e.xtensive  thermal 
burns  the  histamine  content  of  the  blood  is 
increased  many  fold  (22,  69,  238).  But  ob¬ 
viously  not  enough  histamine  is  liberated  to 
cause  whealing. 

I  believe  that  it  should  be  most  strongly 
emphasized  that  in  the  case  of  erythema¬ 
tous-edematous  and  blistering  reactions  the 
liberation  of  histamine,  when  it  occurs  at 
all,  is  not  of  primary  significance,  and  noth¬ 
ing  has  been  gained  toward  understanding 
these  reactions  by  identifying  them  with  the 
triple  response,  the  purely  histaminic  nature 
of  which  has  been  amply  proved.  Anti- 
histaminic  drugs  effectively  suppress  the 
triple  response,  but  the  blistering  reactions 
are  not  measurably  influenced  by  these 
drugs.  No  evidence  has  been  presented  so 
far  which  would  disprove  the  classical  mor¬ 
phological  concej)t  of  four  different  types  of 
cutaneous  vascular  reactions  to  injury. 

The  first  is  Lewis’  triple  response,  charac¬ 
terized  by  local  reddening,  wheal  formation, 
flare,  and  short  duration.  It  has  been  re¬ 
garded  as  the  mildest  and  most  superficial 
form  of  acute  inflammation  of  the  skin  (272). 
The  second  is  the  burn  reaction,  seen  in  re¬ 
sponse  to  such  insults  as  heat,  cold,  ultra¬ 
violet,  ionizing  radiations,  and  a  great  num¬ 
ber  of  chemicals  which  in  higher  concentra¬ 
tion  cause  frank  necrosis.  First-grade  burn 
(erythema  and  edema),  second-grade  burn 
(blistering),  and  third-grade  burn  (central 
necrosis  surrounded  by  inflammatory  reac¬ 
tion)  are  all  of  long  duration,  and  their  ex¬ 
tension  beyond  the  injured  area  is  rarely 
impressive.  I  he  axon-reflex  flare  within  the 
inflamed  area  may  aggravate  the  inflamma¬ 
tion  (p.  94),  but  only  to  a  lesser  degree. 

Similarly,  the  third  type  of  inflammatory 
process,  the  so-called  “eczematous”  type  of 
dermatitis,  in  which  intercellular  edema  of 
the  epidermis  with  spongiotic  vesicle  forma¬ 
tion  (p.  94)  develops  prior  to,  or  simul¬ 
taneously  with,  the  vascular  reaction,  has 
no  similarity  whatsoever  to  the  triple  re¬ 
sponse.  It  IS  strictly  limited  to  the  area  of 


injury  (see  sharp  limitation  of  jiatch-test 
reactions);  it  lasts  long  and  shows  no  signs 
of  whealing. 

Contrary  to  some  jireliminary  observa¬ 
tions  (199),  most  observers  agree  that  in  the 
two  latter  groups  of  inflammatory  reactions 
antihistaminic  drugs  have  no  preventive  or 
curative  action,  or  only  a  negligible  one. 
This  is  particularly  remarkable  because 
eczematous  reactions,  as  well  as  the  triple 
response,  are  paradigmatically  hypersensi¬ 
tivity  reactions.  It  appears  that  there  are 
histaminic  and  nonhistaminic  hypersensi¬ 
tivity  reactions  in  the  skin.  The  basic  differ¬ 
ence  between  urticarial  and  eczematous 
hypersensitivity  reactions  was  emphasized 
by  the  early  great  clinical  investigator, 
Jadassohn  (155).  Pixperience  with  anti- 
histaminics  has  strengthened  the  emphasis 
on  these  differences.  In  natural  disease  con¬ 
ditions  there  are  hardly  ever  transitions  be¬ 
tween  the  urticarial  and  the  eczematous 
type  of  inflammations.  Such  transitions 
should  be  expected,  if  the  type  of  reaction 
depended  only  on  the  rate  of  histamine  liber¬ 
ation  and  on  its  concentration  in  the  tissue, 
as  Lewis  postulated.  Efforts  to  demonstrate 
liberation  of  histamine  in  eczematous  reac¬ 
tions,  by  estimating  the  histamine  content  in 
skin,  blood,  and  urine,  have  led  to  incon¬ 
sistent  results  (118,  219). 

In  a  fourth  type  of  inflammatory  cutane¬ 
ous  reaction,  the  tuberculin-type  hyper¬ 
sensitivity  reaction  (269),  a  considerable 
decrease  in  histamine  content  was  demon¬ 
strated  locally  in  the  inflammatory  papule 
(218).  The  development  of  the  papule  could 
be  prevented  by  performing  the  reaction  on 
top  of  locally  injected  antihistaminics  (218) 
However,  the  fact  that  the  reaction  could 
not  be  prevented  by  systemic  administra¬ 
tion  of  antihistaminics  (218)  makes  it  rather 
doubtful  that  histamine  release  plays  a  de¬ 
cisive  role. 


xn  some  diseases  with  jirevailing  blister 
formation,  such  as  smallpox,  chicken  pox 
herpes  simplex,  herpes  zoster,  the  formation 
of  red  spots,  persistent  papules,  vesicles,  and 
necrosis  are  manifestations  of  different  de¬ 
grees  of  the  same  reaction.  The  triple  re- 
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spouse  does  not  tit  anywhere  into  this  series 
of  events,  and  it  is  hard  to  accept  the  view  of 
Lewis  on  the  H-substance  pathogenesis  of 
herpes  zoster  (189). 

In  the  discussion  of  the  allegedly  central 
significance  of  histamine  in  any  kind  of  acute 
inflammatory  reaction  of  the  skin,  men¬ 
tion  should  be  made  of  the  “leukotaxine” 
of  Menkin  (201,  202).  This  crystalline  poly¬ 
peptide  isolated  from  inflammatory  exu¬ 
dates  greatly  increases  capillary  permea¬ 
bility  if  injected  intradermally  and  is 
thought  to  be  the  capillary-damaging  agent 
in  acute  inflammatory  processes.  Although 
the  controversial  problem,  with  its  volumi¬ 
nous  literature,  of  whether  leukotaxine  acts 
via  histamine  release  (82)  or  directly  on 
blood  vessels  is  still  under  discussion,  it  is 
certainly  worth  while  to  point  out  that  one 
of  the  most  characteristic  features  of  acute 
inflammatory  processes  in  the  skin,  namely. 


accumulation  of  polymorphonuclear  leuko¬ 
cytes,  is  not  elicited  by  histamine,  whereas 
the  injection  of  leukotaxine  simulates  the 
picture  of  acute  dermatitis  rather  closely. 
Menkin  (202)  reviewed  all  data  which 
militate  against  the  assumption  that  hista¬ 
mine  is  the  primary  agent  in  acute  inflam¬ 
mation. 

However,  in  any  reaction  connected  with 
cutaneous  cell  destruction  the  skin  rapidly 
becomes  depleted  of  its  histaminic  content, 
because  liberated  histamine  is  almost  im¬ 
mediately  destroyed  or  carried  away.  The 
histamine  content  of  the  blood  may  rise. 

The  reactivity  to  histamine  differs  greatly 
according  to  species.  Man  is  highly  sensitive, 
and  so  are  the  guinea  pig  and  dog.  The  rab¬ 
bit’s  skin  shows  no  reaction  to  histamine;  in 
this  animal  the  histamine  content  of  tissues 
is  low,  that  of  the  blood  is  high.  The  mouse 
and  the  rat  show  little  sensitivity. 


IX.  VASCULAR  RESPONSES  TO  THERMAL  STIMULI 


Vascular  reactions  subserving  heat  regu¬ 
lation  are  discussed  in  chapter  10.  With  in¬ 
crease  in  atmospheric  temperature  or  in 
internal  heat  production,  there  is  a  gen¬ 
eralized  cutaneous  vasodilatation  brought 
about  by  long  reflex  nervous  impulses  and 
by  warmed  blood  arriving  at  the  hypotha¬ 
lamic  thermoregulatory  centers.  Conversely, 
cooling  or  decreased  heat  production  elicits 
general  vasoconstriction  in  the  skin.  Al¬ 
though  these  reactions  are  more  or  less 
generalized,  the  acral  parts  play  the  most 
prominent  role  in  them. 

Remarkably,  exercise,  although  it  in¬ 
creases  heat  production,  does  not  neces¬ 
sarily  involve  cutaneous  vasodilator  re¬ 
sponses.  Benedict  and  Parmenter  (32)  dem¬ 
onstrated  that  during  and  immediately  after 
exercise  there  is  a  slight  fall  in  skin  tempera¬ 
ture  over  the  whole  body  surface,  indica  ang 


diminished  blood  flow,  even  if  the  subject 
feels  subjectively  warm.  This  fall  in  skin 
temperature  is  due  to  a  diversion  of  blood 
from  the  surface  to  the  striated  muscles 
(see  p.  248). 

During  sleep  maximal  peripheral  vaso¬ 
dilatation  was  observed  in  both  upper  and 
lower  limbs  (162,  154).  This  phenomenon 
may  contribute  to  the  exacerbations  of 
itching-scratching  spells  during  the  night. 

Cutaneous  arterioles  also  expand  in  re¬ 
sponse  to  local  application  of  heat  inde¬ 
pendently  of  the  nervous  system.  However, 
as  long  as  tissue  damage  is  not  elicited,  the 
vasodilatation  in  response  to  local  heating  is 
less  than  the  reflex  vasodilatation  on  warm¬ 
ing  of  the  body  as  a  whole  (116,  285).  Vaso¬ 
constriction  in  response  to  intense  local 
cooling  alternates  with  rhythmical  periods 
of  vasodilatation  (pp.  261  ff.). 
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from  experience  in  denervated  areas  (p. 

86). 

Among  vasodilator  substances,  carbon 
dioxide  and  lactic  acid  were  thought  to  be 
responsible  for  vasodilatation  as  it  occurs  in 
organ  activity,  but  their  concentration  ap¬ 
parently  does  not  account  for  the  degree  of 
vasodilatation  (106). 


1.  AcetylchoHue 


Acetylcholine  is  probably  one  of  the  most 
important  vasodilator  metabolites  in  the 
skin,  since  it  is  the  primary  chemical  medi¬ 
ator  of  antidromic  and  axonal  dilator  im¬ 
pulses.  It  acts  on  the  arterioles,  and  there¬ 
fore  its  systemic  administration  causes  a 
drop  in  blood  pressure.  It  also  decreases  the 
venous  tone,  thereby  diminishing  venous 
return  and  cardiac  output  (112).  Intrave¬ 
nous  injection  of  water-soluble  salts  of  acetyl¬ 
choline  causes  flushing  mainly  of  the  face, 
neck,  and  upper  thorax  and  a  general  sensa¬ 
tion  of  warmth  (100,  56).  Intra-arterial  in¬ 
jection  elicits  flushing  of  the  extremities  also 
(100,  138).  The  greater  reactivity  of  the 
blushing  areas  to  vasodilator  stimuli  (p.  75) 
is  borne  out  in  these  observations.  Most 
effects  of  acetylcholine  are  potentiated  by 
anticholinesterase  drugs,  which  inhibit  the 
cholinesterases  of  the  tissues  and  thereby 
I)ermit  prolonged  and  intensified  action  of 
acetylcholine.  The  most  important  drugs 
with  such  action  are  i)hysostigmine  (eserine) 
and  its  derivatives  and  the  group  of  alkyl 
and  aryl  phosi)hates  (164).  Conversely,  most 
effects  of  acetylcholine  are  counteracted  by 
atropine  and  other  parasympathetic  block- 
agents,  such  as  Banthine,  Prantal,  etc. 
Their  blocking  effect  on  cholinergic  vaso¬ 
dilatation,  however,  is  difficult  to  demon¬ 
strate  (p.  91). 


Therapeutic  utilization  of  the  vasodilato 
effect  of  acetylcholine  is  difficult  because  o 
Its  rapid  decomposition  in  the  tissues.  How 
ever  acetylcholine  derivatives  (such  as  tin 
methyl  derivative,  “Mecholyl”),  which  ar 
more  resistant  to  cholinesterases,  hav 
proved  to  be  most  effective  vasodilator 
^^hen  applied  locally,  mainly  by  means  o 


electrophoresis  of  their  water-soluble  salts. 
This  procedure  significantly  increases  cu¬ 
taneous  blood  flow  (169,  70)  and  skin  tem¬ 
perature  (3).  Its  effect  on  blood  flow  is 
markedly  greater  than  that  of  histamine  (1). 


2.  Nar-epinephrine  and  Epinephrine 


Among  physiological  constrictor  metab¬ 
olites,  nor-epinephrine  and  epinephrine  are 
the  most  important  compounds.  Nor-epi- 
nephrine  is  the  mediator  of  sympathetic 
constrictor  impulses.  Both  nor-epinephrine 
and  epinephrine  act  on  the  muscular  ele¬ 
ments  of  all  cutaneous  vessels  and  are  the 
most  powerful  constrictors  of  arterioles, 
metarterioles,  venules,  and  veins  of  the  skin. 
The  lowest  concentration  of  epinephrine 
causing  just  visible  paling  of  the  skin  color 
in  man  is  around  1 : 1,000,000.  Vasoconstric¬ 
tion  by  adrenergic  fibers,  by  epinephrine, 
and  by  nor-epinephrine  is  counteracted  by 
the  adrenergic  blocking  “sympathicolytic” 
drugs,  such  as  the  ergot  alkaloids,  /3-halo- 
alkylamines  (with  their  main  representa¬ 
tive,  Dibenamine),  and  the  imidazolines 
(their  main  rei)resentative  being  Priscol). 
All  these  comjwunds  block  a  step  which  is 
interposed  between  penetration  of  the  cell 
by  the  exciting  agent  and  the  actual  process 
of  contraction  (213).  They  are  all  more  ef¬ 
fective  against  responses  to  circulating  sym- 
})athicomimetic  agents  than  against  re¬ 
sponses  to  sympathetic  nerve  action  (213). 

Between  epinephrine  and  nor-epineph¬ 
rine,  the  former  is  more  active  in  causing 
vasoconstriction  in  the  perfused  rabbit  ear 
(196),  although  nor-epinephrine  has  the 


\\  hereas  blood  vessels  of  the  muscles  re¬ 
spond  with  dilatation  to  the  injection  of  epi¬ 
nephrine  (237,  130,  148,  171),  such  an  effect 
does  not  occur  in  the  skin.  The  dilator  effect 
on  vessels  of  the  muscles  is  most  easily 
f  emonstrated  if  the  vasoconstrictor  mecha¬ 
nism  IS  paralyzed  by  administration  of  ergo- 
toxme  (so-called  “adrenalin  reversal”)  (74). 
^  ethysmographic  and  venous  outflow  stud- 
les  m  the  hind  limbs  of  dogs  after  the  re¬ 
moval  of  the  skin  have  shown  that  in  such 
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preparations  epinephrine  causes  only  vaso¬ 
dilatation,  whereas  in  the  intact  leg  the  net 
effect  is  usually  a  reduction  in  volume  be¬ 
cause  of  the  strong  constriction  of  cutaneous 
vessels  (151). 

Cutaneous  responsiveness  to  the  con¬ 
strictor  effect  of  epinephrine  is  lost  in  red¬ 
dened  areas,  where  the  minute  vessels  are 
dilated  first,  but  is  preserved  in  areas  in 
which  the  reddening  is  due  to  primary  dila¬ 
tation  of  the  arterioles  with  secondary  pas¬ 
sive  dilatation  of  the  smaller  vessels  (p.  80). 
For  instance,  there  is  no  paling  in  sunburn 
erythema,  but  there  is  in  the  red  flare  around 
a  wheal. 


3.  Pitiiitrin 

Krogh  (170)  has  thought  that  pituitrin 
(pitressin),  the  vasoconstrictor  substance  of 
extracts  of  the  posterior  lobe  of  the  pitui¬ 
tary,  may  play  a  role  in  the  maintenance  of 
the  physiological  tone  of  minute  vessels,  be¬ 
cause  he  calculated  that  barely  twice  the 
physiological  concentration  as  it  occurs  in 
the  blood  (1:3,000,000)  suffices  to  elicit 
pallor.  Krogh  (170)  has  emphasized  that,  in 
contrast  to  epinephrine,  which  acts  with 
equal  intensity  on  capillaries  and  arterioles, 
the  pituitary  substance  is  a  specific  capil¬ 
lary-contracting  hormone.  Its  selective  ac¬ 
tion  on  the  smallest  contractile  vessels  has 
been  confirmed  (249).  This  effect  is  not 
abolished  by  ergotoxine  and  is  effective  also 
in  denervated  areas  (1).  On  systemic  ad¬ 
ministration,  pallor  of  the  skin  and  mucous 
membranes  becomes  apparent  after  a  few 
seconds.  The  face  becomes  involved  first; 
then  gradually  the  neck,  ears,  lips,  and 
mucous  membranes  of  the  mouth  become 
pale.  Trunk  and  extremities  react  later 
(132).  Generalized  vasoconstriction  induced 
by  pitressin  may  not  be  accompanied  by  in¬ 
creased  blood  pressure,  which  suggests  that 
arterioles  are  not  involved  in  the  reac¬ 
tion  (135).  The  vasoconstrictor  effect  does 
not  extend  to  the  veins  either;  on  the  con¬ 
trary,  there  seems  to  be  a  decrease  m  venous 
tone  (264).  A  short,  transient  vasodilatation 
in  the  cutaneous  vessels  of  dogs  after  intra¬ 


venous  injection  of  pitressin  was  investi¬ 
gated  by  Woodbury  and  Ahlquist  (288). 


4.  Estrogens 


'rhe  effect  of  estrogenic  substances  on 
peripheral  circulation  has  been  the  subject 
of  numerous  studies,  but  the  results  have 
not  been  clear  cut.  It  appears  that  natural 
estrogens  and  diethylstilbestrol  do  have  a 
dilator  effect  on  the  capillaries  of  the  skin 
but  not  on  the  arterioles.  The  rate  of  blood 
flow  does  not  increase  and  the  skin  tempera¬ 
ture  is  not  elevated  under  the  influence  of 
these  hormones  (229,  7).  The  effect  on  mi¬ 
nute  vessels  can  be  best  demonstrated  on  the 
ear  of  ovariectomized  rabbits  (230).  In  man 
it  cannot  be  elicited  consistently  (229). 

It  seems  that  in  the  menopause  two  types 
of  dermovascular  reaction  occur  (228,  232) : 
one  is  a  slow  rise  in  the  plethysmographic 
curve  to  a  sustained  plateau,  while  the  sec¬ 
ond,  'Tush-type,”  response  attains  a  maxi¬ 
mum  quickly,  partially  subsides  quickly, 
but  then  persists  at  a  lower  but  still  elevated 
level.  This  second  type  seems  to  be  related 
to  menopausal  flushes. 

In  view  of  the  cyclic  variations  in  the 
estrogen  content  of  the  blood,  one  might  ex¬ 
pect  corresponding  variations  in  the  tone  of 
cutaneous  capillaries.  Such  v'^ariations  ^^ere 
reported  on  the  basis  of  capillary-micro¬ 
scopic  observations  (209).  However,  Reyn¬ 
olds  and  Di  Palma  (233),  measuring  the 


ninimal  necessary  stimuli  for  vasoconstne- 
ion  and  threshold  values  for  reactive  hyper- 
;mia  (p.  105),  were  unable  to  detect  cyclic 
rariations.  Thus  it  remains  undecided  as  to 
vhether  or  not  the  frequently  observed 
)remenstrual  exacerbation  of  inflammatory 
ikin  diseases  is  due  to  the  dilator  effect  of 
‘strogens.  But  there  is  a  possibility  that  this 
s  so  and,  therefore,  premenstrual  exacerba- 
ions  should  not  be  taken  as  an  indication 
hat  ovarian  secretion  plays  a  role  in  the 
•ausation  of  the  skin  disease  in  which  pre¬ 
menstrual  exacerbation  occurs  or  as  an  indi- 
:ation  that  something  is  wrong  with  ovarian 
secretion  in  such  cases.  The  fact  that  there 
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is  a  physiological  vasodilatation  in  resi)onse 
to  estrogens  rather  suggests  that  premen¬ 
strual  exacerbation  may  occur  in  any  in- 
llammatory  dermatosis,  independent  of  its 
causation.  This  seems  to  be  in  agreement 
with  clinical  experience. 

Clinical  observations  of  Bean  (28)  led 
him  to  the  assumption  that  the  development 
of  cutaneous  arteriolar  spiders  and  palmar 
erythema  in  liver  diseases  is  promoted  by  a 
higher  concentration  of  estrogens  and  pos¬ 
sibly  by  anomalies  in  the  metabolism  of 
1 7-ketosteroids,  the  decomposition  of  these 
hormones  being  disturbed  in  hepatic  insuf¬ 
ficiency.  However,  it  is  probably  difficult  to 
exclude  the  role  of  cutaneous  venous  stasis 
in  liver  diseases,  as  well  as  in  pregnancy, 
when  the  tendency  to  vasodilatation  is  stud¬ 
ied  in  these  conditions.  Sluggish  capillary 
circulation  in  pregnancy  with  unusually  fre¬ 
quent  stasis  and  dilated  venous  limbs  in  the 
margin  of  the  nail  was  first  observed  by 
Lennartz  (184).  Sludge  formation  was  seen 
by  Knisely  (163),  and  such  observations 
rather  strongly  suggest  that  the  tendency 
toward  the  formation  of  telangiectases  in 
pregnancy  is  primarily  due  to  venous  stasis. 

Data  on  cyclic  variations  of  cutaneous 
blood  flow  [laralleling  the  menstrual  cycle 
have  been  summarized  by  Abramson  (1). 
The  situation  is  far  from  being  clear  (Hfi 
23,233,222,41). 

v'i.  Male  Sex  Hormone 

Reynolds  el  al.  (231)  observed  marked 
lability  and  variability  of  cutaneous  vascu¬ 
lar  tone  with  increased  excitability  of  the 
minute  wssels  in  castrate  and  eunuchoid 
males.  I  his  lability  decreased  after  ad¬ 
ministration  of  testosterone  propionate.  To 
a  lesser  degree,  progesterone  had  the  same 
effect.  In  castrates,  administration  of  testos¬ 
terone  propionate  caused  plethysmograph- 
ically  demonstrable  vasodilatation,  while 
normal  males  did  not  show  such  reaction 

That  testosterone  might  have  some  vaso¬ 
dilator  aaion  is  concluded  from  some  clini¬ 
cal  experience  indicating  its  beneficial  effect 
m  the  treatment  of  peripheral  vascular  dis¬ 


eases  (64).  Vasodilatation  after  administra¬ 
tion  of  testosterone  propionate  seems  to  be 
associated  with  an  increased  supply  of 
oxygen-saturated  blood  to  the  surface  cap¬ 
illaries  (94).  Schafer  (253)  found  flushing  of 
the  skin  after  administration  of  large  doses 
of  testosterone  i)ropionate,  an  effect  in¬ 
hibited  by  estrogens.  Conversely,  spon¬ 
taneous  flushing  in  menopausal  women  was 
inhibited  by  administration  of  testosterone. 

6.  Adrenocortical  Hormones 

Desoxycorticosterone  has  no  demonstra¬ 
ble  effect  on  cutaneous  capillaries  (14()). 
However,  cortical  extracts  clearly  prevent 
the  increase  in  capillary  permeability  pro¬ 
duced  by  leukotaxine  (p.  100)  (203,  115). 
These  findings  conform  with  the  report  that 
cortin  is  efficacious  in  the  prevention  and 
treatment  of  histamine  shock.  Combined 
treatment  with  sodium  chloride  and  cortin 
is  even  more  effective  (221). 

There  can  be  little  doubt  that  this  effect 
of  cortical  extracts  comes  about  by  virtue  of 
their  1 1-oxygenated  steroid  content.  Corti¬ 
sone  and  hydrocortisone  are  most  potent 
sensitizers  of  the  small  blood  vessels  to  the 
constrictor  effect  of  nor-epinephrine  and 
epinephrine.  This  effect  was  first  demon¬ 
strated  by  Rachmiel  Levine  el  al.  (185)  on 
the  mesoappendix  vessels  of  the  rat.  The  ad¬ 
ministration  of  cortisone  brings  about  a 
gradual  increase  of  arteriolar  tone  in  the 
normal  skin,  as  shown  by  Ebert  and  Barclay 
(93)  through  direct  observ^ation  of  the  rabbit 
ear  chamber.  This  effect  is  even  more  im¬ 
pressive  when  inflammatory  stimuli  have 
caused  vasodilatation.  This  vasodilatation 
IS  most  effectively  counteracted  by  corti¬ 
sone,  and  at  the  same  time  the  damage  to 
the  endothelium  of  arterioles  and  venules  is 
greatly  reduced  (93). 

There  is  general  agreement  that  the 
dramatic  therapeutic  effects  of  ACTH,  cor¬ 
tisone,  and  hydrocortisone  in  inflammatory 
cutaneous  diseases  are  based  primarily  on 
their  counteracting  vasodilatation  and  sub- 

Hmv?‘  iiiflammntery  reactions. 

Ho«  far  the  fundamental  sensitization  proc- 
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ess  is  also  influenced,  and  not  merely  the  re-  of  warmth,  sometimes  also  paresthesias.  The 
action  to  which  it  leads,  is  still  under  dis-  increase  in  skin  temperature  is  most  marked 
cussion.  over  the  ears,  face,  and  neck,  less  marked 

over  the  trunk,  and  least  over  the  extremi- 
B.  PHARMACOLOGICAL  AGENTS  ties  (262).  An  increase  in  blood  flow,  without 

.  .r  appreciable  increase  in  skin  surface  tempera- 

ture,  can  be  demonstrated  plethysmo- 
There  is  a  great  number  of  sympathicomi-  graphically  (4)  in  hand  and  forearm.  The 
metic  vasoconstrictor  drugs  which  have  marked  peripheral  vasodilator  effect  of  nico- 
some  pharmacological  properties  in  common  tinic  acid  is  in  contrast  with  its  not  having 
with  nor-epinephrine  and  epinephrine,  e.g.,  ^ny  effect  on  the  circulation  of  the  brain 
ephedrine,  Synephrine,  Neosynephrine,  Pa-  (192).  The  natural  coenzyme  which  acts  as  a 
redrinol,  and  Paredrine  (259).  They  are  less  vitamin  is  nicotinamide,  and  this  compound 
potent  vasoconstrictors  than  epinephrine,  j-jq  dilator  effect  on  cutaneous  vessels, 

but  their  effects  last  longer  because  they  are  free  nicotinic  acid  ion  which  is  responsi- 

not  oxidized  by  the  tissues  as  rapidly  as  nor-  pie  for  the  vasodilatation  jirobably  does  not 
epinephrine  and  epinephrine.  It  seems  that  figure  as  a  natural  metabolite.  Furthermore, 
their  effect  on  cutaneous  vessels  is  weaker  ju  order  to  elicit  measurable  vasodilatation, 
than  on  vessels  of  mucous  membranes  and  nicotinic  acid  has  to  be  given  in  unphysio- 
internal  organs.  Thus,  for  instance,  Neosyn-  logically  large  doses.  Therefore,  it  is  conclud- 
ephrine  and  Paredrinol  sulfate  do  not  cause  gd  that  the  vasodilator  action  of  nicotinic 
blanching  of  the  skin  (161,  254),  even  if  ^cid  is  pharmacological,  but  not  physio- 


given  intravenously  in  doses  which  cause 
considerable  increase  in  blood  pressure.  If 
Paredrinol  has  any  vascular  constrictive  ef¬ 
fect  on  the  skin,  it  is  slight  as  compared  with 
its  effect  on  splanchnic  vessels  (146). 


logical.  The  tendency  to  cutaneous  vaso¬ 
dilatation  in  nicotinamide  deficiency  also 
speaks  against  the  assumption  that  nicotinic 
acid  is  a  natural  vasodilator  metabolite. 
Nitriles  lessen  the  tone  of  the  arterial  and 


A  great  number  of  reports  indicate  that  arteriolar  muscle  cells  by  direct  action.  In 
tobacco  smoking  causes  peripheral  vasocon-  j-fig  fully  develo{)ed  response,  vasodilatation 
striction.  This  view  is  based  mainly  on  the  arterioles,  capillaries,  and  venules  can  be 
fact  that  the  temperature  of  fingertips  or  observed.  As  a  result  of  this  resfionse,  car- 

toes  decreases  significantly  with  smoking  diac  output  increases  so  as  to  maintain  blood 

(159).  However,  deep  insfiiration  in  itself  j)ressure.  The  two  factors— lessened  vascu 


also  causes  vasoconstriction  (]).  87).  \\  hile 
it  was  thought  that  inhaling  of  tobacco 
smoke  causes  more  vasoconstriction  than 
inhaling  of  air,  this  does  not  seem  to  be 


lar  tone  and  increased  cardiac  output  lead 
to  a  considerable  increase  of  peripheral 
blood  flow  (266,  124),  demonstrable  also 
by  direct  cajiillary-microscopic  observation 


nuite  cLrly  established  (211).  Findings  of  (57).  There  is  an  initial  arteriolar  cons  ric 
Abramson  et  al.  (6)  indicate  that  possibly  tion  if  tlie  subject  is  m  an  upright  position 
the  arteriovenous  anastomoses  are  primarily  (29),  but  this  is  not  detectable  m  the  hori- 

I'mnlirated  because  in  the  forearm  no  de-  zontal  position  (286).  , 

crease  ^circulation  can  be  demonstrated  Large  doses  of  ergot  alkahnds  have  a 

under  the  influence  of  tobacco,  as  contrasted  sympathicolytic  effect.  By  , 

with  hands  and  feet.  Franke  and  Hertzman  peripheral  vasoconstrictor  mechanisn  ,  y 
(114)  noted  that  the  vessels  of  the  forehead, 


too,  are 


relatively  unresponsive  to  smoking. 


2.  Vasodilators 

Administration  of  nicotinic  acid  causes 
flushing  of  the  face  and  trunk  and  a  feeling 


11  L  Illig  experimented  a  great  deal  with  local 

(,)ercutaneous)  ai)plication  of  several  nic«tinic  and 
esters.  These  comiiounds  cause  not  only  active 
pereniia  hut  in  the  majority  of  norma  test  subjects 
!ilso  typical  urticarial  triple  response  (see  reference, 
n.  2  on  p.  81). 
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act  indirectly  as  vasodilators,  tor  instance, 
ergotaniine  tartrate  administered  intra¬ 
venously  in  doses  of  2  mg/kg  body  weight  in 
the  cat  abolishes  the  vasoconstrictor  re¬ 
sponses  of  the  skin  to  epinephrine.  However, 
j)harmacologically,  a  more  important  effect 
of  ergot  alkaloids  than  the  sympathicolytic 
action  of  high  doses  is  their  direct  constrict¬ 
ing  action  on  smooth  muscles  of  peripheral 
arterioles,  with  consequent  decrease  in  blood 
flow  (5)  and  fall  in  peripheral  skin  tempera¬ 
ture.  Following  the  subcutaneous  injection 
of  as  little  as  0.5  mg.  ergotamine  tartrate  in 
man,  a  definite  decrease  in  blood  flow  can  be 
demonstrated  in  the  hand  (5).  In  addition  to 
constriction,  ergot  pre{)arations  cause  endo¬ 
thelial  injury  in  small  arteries  and  arterioles 
and  thus  may  cause  gangrene.  Although 
thrombosis  is  a  prominent  feature  in  ergot 
gangrene,  its  incidence  is  unaltered  by  the 
administration  of  heparin  and  dicumarol 
(14). 

Ergotamine  tartrate  was  highly  recom¬ 
mended  for  symptomatic  treatment  of  itch¬ 
ing  inflammatory  skin  diseases  (39).  The  re¬ 
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ported  beneficial  effects  may  be  due  to  a 
decrease  in  peripheral  blood  flow,  with  sub¬ 
sequent  cooling,  anti-inflammatory,  and 
antipruritic  effects.  Apparently,  in  the 
recommended  dosage  no  untoward  effects 
were  observed.  However,  a  relatively  slight 
overdosage  may  be  dangerous  (294).  Di¬ 
hydro  derivatives  of  ergot  alkaloids  have 
considerably  less  vasospastic  effect  than 
have  the  parent-substances  (36). 

Priscol  is  a  synthetic  sympathicolytic  and 
therefore  a  vasodilator  substance  which  is 
now  widely  used  therapeutically  in  periph¬ 
eral  vascular  diseases.  Although  it  was  found 
to  be  fairly  effective  in  these  diseases  (134), 
Allen  (13)  found  surprisingly  feeble  effects 
on  the  skin  of  many  healthy  limbs  after  its 
administration. 

The  sensation  of  warmth  in  man  after  the 
intravenous  injection  of  calcium  salts  is  due 
not  to  vasodilatation  but  to  stimulation  of 
heat  receptors.  Such  injections  do  not 
change  the  skin  temperature  (147)  and  do 
not  alter  the  peripheral  circulation  in  hands 
and  legs. 


XL  REACTIVE  HYPEREMIA 


If  the  circulation  to  a  limb  is  obstructed 
for  some  time  and  then  the  occlusion  is  re¬ 
leased,  the  volume  of  the  limb  increases,  the 
blood  flow  is  accelerated  beyond  normal, 
and  the  skin  assumes  a  bright-red  color. 
This  phenomenon  is  called  "reactive  hyper¬ 
emia.” 

The  longer  the  occlusion  lasts,  the  more 
j)rolonged  is  the  reactive  hyperemia,  .\fter 
an  arterial  occlusion  lasting  2  minutes,  the 
flush jasts  li  minutes;  after  an  obstruction 
of  15  minutes,  the  redness  persists  for  8 
minutes  (186).  A  similar  reaction  follows 
venous  congestion.  As  a  matter  of  fact, 
quite  low  e.xternal  pressure  suffices  to  elicit 
reactive  hyperemia.  A  just  perceptible  reac¬ 
tion  IS  observed  if  30  mm.  Hg  external 
pressure  is  maintained  for  10  minutes  (186)- 

this  pressure  is  sufficient  to  close  the  minut( 
vessels  of  the  skin. 

Reactive  hyperemia  is  independent  of 
nervous  impulses;  it  occurs  in  limbs  after 


complete  nerve  degeneration.  Evidence  was 
presented  that  it  is  due  to  the  liberation  of  a 
metabolite  in  the  tissue  spaces.  This  sub¬ 
stance  is  supposed  to  be  liberated  under  the 
influence  of  anoxemia  and  to  cause  active 


in  turn,  leads  to  increased  blood  flow.  Vaso- 
dilatadon  occurs  during  the  phase  of  ob¬ 
struction,  but  it  can  manifest  itself  only 
after  the  obstruction  has  been  released. 
What  the  nature  of  this  substance  or  sub¬ 
stances  is,  has  not  been  determined  The 
theory  of  Lewis  (186)  that  it  is  an  H-sub- 
stance  has  not  been  substantiated  (246). 
Landowne  and  Thompson  (179)  were  un¬ 
able  to  influence  reactive  hyperemia  by  ad¬ 
ministration  of  more  than  adequate  doses  of 
antihistciminic  drugs. 

Lewis  (186)  pointed  out  that,  physio- 
ogically  some  parts  of  the  skin  are  prac- 
tically  always  exposed  to  external  pressure 
which  IS  high  enough  to  hinder  circulation 
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at  least  in  the  papillary  capillaries.  In  the 
prone  position  large  parts  of  the  skin  of  the 
trunk,  in  sitting  of  the  buttocks,  and  in 
standing  of  the  soles  are  subjected  to  such 
[)ressure.  It  might  be  significant  that  when 
the  position  is  changed,  an  increased  blood 
flow  will  compensate  for  the  deficit  suffered 
a  moment  earlier. 

Reactive  hyperemia  was  regarded  as  a 
special  case  of  the  general  phenomenon  of 
formation  of  local  vasodilator  metabolites  if 
the  tissues  are  undernourished.  A  regulatory 
mechanism  in  the  opposite  direction  was 
recognized  in  the  occurrence  of  anemic  zones 
around  hyperemic  spots  and  of  anemia  de¬ 
veloping  in  the  spots  themselves  when  the 
hyperemia  had  subsided.  This  can  be  well 
observed  around  the  axon-reflex  flare  and 
within  it  after  its  subsidence.  The  formation 
of  the  anemic  halo  and  the  anemic  spots  is 
independent  of  nervous  impulses  and  is  not 
due  to  arterial  contraction.  Lewis  (186) 
stated  that  anemic  zones  are  not  pesent 
around  those  hyperemic  spots  in  which  the 
increased  flow  apparently  is  needed  for  nu¬ 
trition  of  the  tissues  (for  instance,  in  local 
vasodilatation  in  response  to  external  stim¬ 


uli)  but  only  in  those  in  which  the  quantity 
of  the  blood  is  beyond  the  need  of  the  tissues 
(for  instance,  in  red  flares)  (186).  Accord¬ 
ingly,  Lewis  finds  that  there  are  two  kinds 
of  small  cutaneous  telangiectases:  those 
through  which  the  blood  flow  is  enhanced 
and  which,  therefore,  have  a  pale  halo  and 
those  in  which  there  is  no  increased  blood 
flow  and  which,  therefore,  have  no  halo  (186). 

Thus,  in  the  presentation  of  Lewis  (186), 
it  a])pears  that  in  the  skin  there  is  a  balanc¬ 
ing  mechanism  of  the  blood  supply  by 
locally  formed  metabolites.  Metabolites  are 
formed  (or  liberated)  which  open  the  minute 
vessels  wherever  there  is  lack  of  tissue  nutri¬ 
tion;  metabolites  with  the  opposite  effect 
appear  and  close  them  when  there  is  exces¬ 
sive  blood  flow  in  the  tissues. 

Di  Palma  et  al.  (86)  worked  out  a  “ring 
test”  which  makes  it  possible  to  study  re¬ 
active  hyperemia  on  any  small  area  of  the 
skin  surface.  Milberg  and  Di  Palma  (205) 
studied  the  effect  of  pharmacological  vehi¬ 
cles  on  this  reaction.  Some  abnormalities  of 
the  reaction  were  found  in  lichen  planus 
(205)  and  in  the  uninvolved  skin  in  psoriasis 
(204). 


XII  THE  RELATION  OE  CIRCULATION  IN  IIIE  SKIN 
and  in  INTERNAL  ORGANS 


In  the  skin  proper,  local  vasomotor 
changes  have  a  tendency  to  become  gen¬ 
eralized.  This  “law  of  consensual  vascular 
reactions”  (209)  implies  that  vasomotor 
stimuli  to  circumscribed  areas  elicit  the 
same  kind  of  reaction  (vasoconstriction  or 
vasodilatation)  all  over  the  body  surface. 
The  discovery  that  such  a  He 

originated  with  Brown-Sequard  (42) 
found  that  the  blood  vessels  of  one  hanc 

contract  if  the  other  hand  is 

ra\(\  water  The  mechanism  of  such  reac 

lions  was  discussed  on  page 

pointed  out  that  the  consensual  ty  o  the  re 
action  is  far  from  complete,  for  instance, 
more  or  less  generalized  vasoconstriction  o 
uunk  am  extremities  can  be  accompanied 

by  vasodilatation  of  face,  neck,  and  upper 

chest  (p.  75). 


Another  “law”  concerns  the  antagonistic 
behavior  of  peripheral  and  internal  circula¬ 
tion.  It  was  suggested  by  Dastre  and  Morat 
in  1884  (80)  that  vasodilatation  in  the  pe¬ 
ripheral  circulation  was  always  accompanied 
by  vasoconstriction  in  the  viscera,  and  simi¬ 
lar  antagonisms  can  be  demonstrated  in 
many  other  instances.  There  is  little  doubt 
that  the  redistribution  of  blood  flow  be¬ 
tween  internal  organs  and  iierijihery  is  ac¬ 
tually  one  way  in  which  mammals  adaiit  to 
changes  of  environmental  temperatures 
(125).  Various  jiarts  of  the  body  may  change 
their  temperature  within  wide  limits  while 
the  whole  organism  remains  in  a  state  of 
thermal  balance  (125)  (chaj).  10). 

However,  different  internal  organs  seem 
to  behave  differently.  Following  heat  stimuli 
to  the  skin,  causing  peripheral  vasodilata- 
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tion,  there  is  also  a  jirimary  dilatation  of  the 
cerebral  vessels  (198).  The  kidneys  react 
“consensually”  with  the  skin  to  cutaneous 
temperature  stimuli  (198).  The  spleen  con¬ 
tracts  cjuite  considerably  in  response  to  pe¬ 
ripheral  cold  stimuli  (267). 

It  was  thought  that  a  true  antagonism 
e.xisted  between  the  circulation  in  the  skin 
and  that  in  the  splanchnic  area  (210).  But  it 
must  be  doubted  that  this  antagonism  is 
always  demonstrable,  because  the  ingestion 
of  substantial  meals,  connected  with  in¬ 
creased  abdominal  circulation,  is  associated 
with  an  increased  rate  of  flow  in  the  skin 
also  (p.  245).  Sjostrand  (258)  found  no 
antagonism  at  all  between  peripher>^  and 
inner  organs  and  emphasized  that,  on  exer¬ 
cise  when  the  blood  flow  in  the  muscles  is 
greatly  accelerated,  there  is  increased  blood 
flow  in  the  skin  also.  He  remarked,  however, 
that,  in  general,  the  amount  of  blood  cir¬ 
culating  in  the  skin  is  relatively  small  as 
compared  with  other  organs  (p.  63).  The 
most  regularly  demonstrable  antagonism 
seems  to  exist  between  skin  and  lungs. 
Glaser  (123)  has  shown  that  cooling  results 
in  movement  of  blood  from  the  su[)erficial 
vessels  of  the  limbs  to  the  lungs  and  that 
warming  has  the  o[)posite  effect. 

The  effect  of  cold  and  warm  baths  on  the 
action  of  the  heart  seems  to  occur  quite 
regularly.  As  Asher  (15)  stated  first,  cold 
acts  like  vagus  nerve  stimulation  and  heat 
like  stimulation  of  the  sympathetic.  It  was 
actually  shown  that  the  slowing  effect  of 
cold  on  the  heartbeat  is  mediated  by  the 
vagus  nerve;  the  reflex  is  abolished  by  va¬ 
gotomy  (198).  The  effects  of  cold  and  warm 
baths  on  blood  j)ressure  are  not  quite  uni¬ 
form  (198). 


Shifts  in  circulation  following  ultraviole 
radiation  of  the  whole  body  surface  hav 
frequently  been  discussed.  Emf)irically  i 
was  concluded  that,  at  least  under  patho 
logical  condiHons,  there  must  be  a  change  ii 
the  distribution  of  blood  in  internal  organs 
because  after  intense  sunbathing  “focal  re 
actions,”  with  greatly  increased  blood  flow 
often  occur  in  tuberculous  lung,  bone,  joint 
and  peritoneal  and  lymph-node  lesions.  Ii 


the  case  of  pulmonary  tuberculosis  the  focal 
reactions  frequently  lead  to  profuse  hemor¬ 
rhages.  That  focal  reactions  actually  occur 
and  are  connected  with  increased  blood  flow 
to  the  lesions  can  be  directly  seen  if  the 
lesions  of  patients  with  lupus  vulgaris  are 
covered  and  the  rest  of  the  body  is  intensely 
irradiated  with  sunlight;  after  such  treat¬ 
ment  the  lesions  become  markedly  hyper- 
emic.  This  hyperemia  seems  to  have  some 
therapeutic  action  also.  Jesionek  showed 
that  lupus  vulgaris  lesions  may  clear  clini¬ 
cally  by  total  body  irradiations,  in  spite  of 
tight  covering  of  the  lesions  (158).  Of 
course,  this  could  be  an  effect  also  of  vitamin 
D  formation  in  the  skin,  independent  of 
circulatory  mechanisms. 

In  the  past,  physicians  practicing  helio¬ 
therapy  of  surgical  tuberculosis  often  ob¬ 
served  rapid  cure  of  deep-seated  lesions,  for 
instance,  in  cases  of  tuberculosis  of  the  hip 
joint  (33),  and  such  cures  were  attributed  to 
continuous  increased  blood  flow^  to  the  le¬ 
sions  elicited  by  sunbathing.  Such  an  effect, 
if  it  exists,  must  be  an  indirect  one,  because 
the  effective  ultraviolet  rays  are  completely 
absorbed  in  the  superficial  layers  of  the  skin. 

While  the  observations  of  therapeutic 
effects  inside  the  body  w'ere  not  well  con¬ 
trolled,  it  is  a  fact  that  general  body  irradia¬ 
tions  with  ultraviolet  light  cause  a  fall  in 
systolic  and  diastolic  blood  pressure  (139), 
long  before  the  sunburn  reaction  develops. 
In  my  early  studies  I  (241)  show’ed  that  the 
fall  in  blood  pressure  can  also  be  obserx^ed 
after  mild  irradiations  wfith  doses  of  ultra¬ 
violet  rays  w’hich  subsequently  do  not  cause 
any  reddening  of  the  skin.  The  fall  in  blood 
pressure  sets  in  right  after  the  irradiation, 
progresses  gradually,  and  the  blood  pressure 
reaches  its  lowest  level  on  the  next  day.  Low- 
values  may  persist  for  several  days.  The 
phenomenon  indicated  decreased  vascular 
tone  in  some  internal  organs  which  was  not 
compensated  by  cardiac  action.  The  earlv 
onset  suggested  that  this  effect  was  based  on 
a  nervous  mechanism,  and  I  pointed  out 
that  the  state  of  the  human  bodv  after 
generalized  body  irradiation  with'  ultra¬ 
violet  rays  resembles  the  state  of  “sym- 
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pathetic  hypotonus”  partially  reminiscent 
of  what  is  seen  in  adrenal  insufficiency:  low 
blood  pressure,  low  fasting  blood  sugar,  flat 
glucose  tolerance  curves  (242),  and  increased 
readiness  to  pigmentation  (241).  It  seemed 
justifiable  to  assume  that  ultraviolet  rays 
stimulate  some  afferent  fibers  in  the  skin 
directly  or  by  chemical  mediation  and  that 
the  nerve  impulses  elicit  vasodilatation  in 
internal  organs  by  some  reflex  mechanism. 

This  assumption  was  proved  to  be  correct 
by  the  animal  experiments  of  Von  Reis  and 
Sjostrand  (227).  These  authors  measured 
the  blood  content  of  the  liver  and  of  the 
cortical  part  of  the  kidneys  in  guinea  pigs 
and  found  it  greatly  increased  in  both  sites 
after  ultraviolet  irradiation.  Similar  results 
were  obtained  after  stimulation  of  the  skin 
with  mustard  oil.  When  the  cutaneous  stim¬ 
ulation  was  done  in  denervated  areas,  the 
increase  in  blood  content  of  liver  and  kid¬ 
neys  failed  to  appear.  Thus  this  reaction 
seemed  to  be  based  exclusively  on  nerve  im¬ 
pulses.  Interestingly,  the  blood  content  of 
the  lungs  showed  a  decrease  after  cutaneous 
stimulation,  a  finding  which  fits  well  the 
more  recent  observations  of  Glaser  (12d)  on 
the  antagonistic  behavior  of  cutaneous  and 
pulmonary  circulation,  as  contrasted  with 
consensual  reactions  in  other  organs. 

In  addition  to  the  nervous  reflex  i)he- 
nomenon,  the  liberation  of  vasodilator  sub¬ 
stances  in  the  skin  by  ultraviolet  radiation 
may  also  contribute  to  the  fall  in  blood 
pressure.  In  experiments  on  dogs.  Von 
Kolnitz  (166)  found  an  increase  in  hista¬ 
mine  content  of  the  blood  following  exposure 
to  ultraviolet  light.  This  rise  in  histamine 
content  paralleled  the  fall  in  blood  pressure 
fairly  closely  when  blood  from  the  jugular 


vein  was  analyzed.  The  correlation,  how¬ 
ever,  was  poor  when  blood  from  the  cutane¬ 
ous  saphenous  vein  was  used  (167). 

Following  ingestion  of  substantial  meals 
— apparently  synergistically  with  vasodila¬ 
tation  in  the  splanchnic  area — -there  is  vaso¬ 
dilatation  in  the  skin,  demonstrable  by  a 
rise  in  skin  surface  temperature  (52, 143,  37) 
and  by  the  plethysmographic  method  (2). 
The  cutaneous  vasodilatation  has  a  latent 
period  of  about  ^  hour  and  lasts  for  about  2 
hours.  Several  substantial  meals  in  succes¬ 
sion  will  greatly  prolong  the  duration  of 
vasodilatation  (239).  The  effect  of  meals 
containing  mainly  proteins  is  more  pro¬ 
nounced  than  that  of  carbohydrate  meals. 

It  is  improbable  that  the  mechanism  of 
this  reaction  is  a  nervous  one  because  of  its 
long  latent  period.  Koskowski  (168)  found 
that  1-3  hours  after  ingestion  of  a  protein 
meal  the  blood  contained  vasodilator  sub¬ 
stances  related  to  “peptones,  tyramine  and 
histamine.”  The  circulation  of  such  sub¬ 
stances  may  well  be  the  cause  of  peripheral 
vasodilatation.  This  interpretation  is,  at 
least,  in  harmony  with  the  latent  period  and 
the  greater  effectiveness  of  protein  meals. 
Whatever  the  mechanism  of  cutaneous  vas¬ 
odilatation  after  heavy  meals  may  be,  it  is 
obvious  that  this  reaction  is  of  great  clinical 
significance  in  the  management  of  inflam¬ 
matory  skin  diseases.  Empirically,  it  has 
been  known  that  rather  sudden  filling  of  the 
stomach  is  often  followed  by  exacerbation  of 
pruritus  and  inflammatory  signs  and  that 
patients  with  inflammatory  dermatoses  get 
along  better  with  small  meals  taken  rather 
frequently  than  with  single  heavy  meals. 

The  effect  of  alcohol  intake  on  cutaneous 
circulation  is  discussed  on  pages  254-56. 
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,  •  M  HE  tvirb  (20)  Boring  (2vS),  Bishop  (10,  20), 

-qecause  this  book  deals  primarily  w  i, ‘awards  (U)  Beecher  (10),  \^  olf  and  Wolff 

B  the  skin,  in  this  cha,,ter  tl,e  ma.n  em-  and  (iootleli  (60), 

phasis  vvUi  be  on  the  peripheral  ^  (U<))  and,  for  the  more  philosophical 

suiting  in  cutaneous  sensations  h  nspects  to  the  recent  monograph  anti  bibli- 

plex  [(Problems  of  central  Py^pfon  are  be  «1 «  „2).  Pain  ami  itching 

yond'  the  scope  of  tins  book.  Intere  «  ograp 
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I.  THE  SKIN  AS  AN  ORGAN  OF  SENSES 


Sensory  nerve  endings  in  the  skin  repre¬ 
sent  mechanisms  which  transform  environ¬ 
mental  energies  into  nerve  impulses.  If  the 
nerve  impulse  reaches  the  level  af  conscious¬ 
ness  in  the  brain,  a  sensation  is  experienced. 
It  was  thought  for  a  long  time  that  impulses 
from  single  specific  nerve  endings  are  carried 
by  single  fibers  to  certain  spots  in  the  cortex, 
arousing  there  specific  sensations  with  sharp 
temporal  and  spatial  discrimination.  Ac¬ 
tually,  the  events  are  much  more  com{)li- 
cated. 


A.  THE  FOUR  FUNDAMENTAL  MODALITIES 


The  skin  mediates  four  main  modalities  of 
sensation,  namely,  pain  (including  pricking 
and  burning  pain,  itching,  and  possibly 
tickle),  touch  (including  light  touch  and 
pressure),  cold,  and  warmth.  The  difficulties 
in  accepting  the  concept  of  separate  modali¬ 
ties  as  the  functions  of  specified  endings 
along  special  pathways  to  specified  areas  of 
the  cortex  have  been  admirably  discussed  by 
Bishop  (19,  20).  The  statement  on  four 


modalities  means  only  that  ''centrally,  the 
ability  exists  to  accurately  differentiate 
subjectively,  at  least  four  sensations  in  sim- 
I)le  e.xperimental  situations;  and  peripher- 
ally,  at  least  four  corresf)onding  classes  of 
endings  can  be  inferred  ...  to  different  and 
characteristic  forms  of  energy.”  This  quali- 
fying  statement  on  the  four  modalities  is 
necessary  because  there  are  more  than  four 
types  of  endings  in  the  skin  and  because 


various  types  of  stimulation  of  a  single  sen 
so ry  spot  may  arouse  different  sensations 
U  hile  It  IS  true  that  stimulation  of  cold  spot' 
will  elicit  the  sensation  of  cold,  no  mattei 
how  they  are  stimulated,  this  is  certainlv 
not  the  case  witli  pain  spots.  The  threshok 
activation  of  pain  endings  in  the  skin  (16)  oi 
in  the  cornea  (126)  causes  an  "unpainful 
pain,  which  IS  a  nondescript  contact  sensa- 
on  lurthermore,  stimulation  of  the  same 
endings  can  cause  an  itching  sensation,  de- 
ending  on  the  intensity  and  type  of  stimu¬ 
lation  and  or  on  the  state  of  the  peripherv 
Touch  sensations,  as  well  as  pain  sensations’ 


may  behave  differently  when  the  endings 
are  stimulated  mechanically  or  electrically. 
Although  the  different  endings  are  differen¬ 
tially  sensitive  to  different  forms  of  energy, 
they  may  respond  to  "nonspecific”  stimuli 
— and  often  do.  The  final  sensation  can  be, 
and  probably  is,  modified  by  events  at  the 
synapses  and  in  the  subcortical  and  cortical 
centers.  There  are  complex  sensations  w'hich 
are  due  to  combinations  of  several  simul¬ 
taneous  impulses  of  the  same  or  different 
modalities,  such  as  sensations  of  roughness, 
smoothness,  and  wetness.  Rapid  repetitive 
stimulation  of  touch  endings  elicits  the  sen¬ 
sation  of  vibration.  Still  the  concept  of  basic 
modalities  has  retained  its  usefulness  and 
has  an  objective  basis,  since  ascending  path¬ 
ways  within  the  spinal  cord  segregate  rough¬ 
ly  according  to  modality  (129,  104). 


B.  THE  SENSORY  SPOTS 


For  all  modalities,  the  skin  surface  con¬ 
sists  of  a  mosaic  of  highly  sensitive  points, 
each  surrounded  by  a  progressively  insensi¬ 
tive  zone.  This  spotlike  distribution  of  cu¬ 
taneous  sensations,  classically  established 
by  the  work  of  von  Frey  (38),  has  often 
been  confirmed  (16,  17). 

Touch  spots,  when  mapped  out  on  the 
human  forearm,  are  irregularly  shaped 
areas  up  to  5  mm.  in  diameter  (20).  The 
spots  vary  in  size  regionally  and  are  smaller 
over  areas  of  more  acute  discrimination  (20). 
The  size  of  the  touch  spots  determines  the 
limit  of  two-point  discrimination;  within  one 
spot  two  simultaneous  stimuli  are  not  dif¬ 
ferentiated  (16).  Some  spots  are  about 
equally  sensitive  all  over,  but  others  have  a 
central  point  which  is  more  sensitive  than 
Its  penjihery;  the  sensitivity  of  such  spots  is 
usually  related  to  encapsulated  endings. 
Their  thresholds  are  lower  than  those  of 
endings  around  follicles,  jiossibly  because  of 
he  deeper  position  of  the  latter  in  the  skin 


.  r"."  ^'ccur  in  groups  of  three  to 

mm  Z  r  T  'groups  spaced  10 

mm.  apart,  the  points  within  a  group  1-2 


Fig.  1. — Photograph  of  a  group  of  Krause’s  end-bulbs  subserving  cold  sensibility.  From  Weddell  (135). 
(Reproduced  by  jierniission  of  the  author  and  the  British  Medical  Bulletin.) 


^  1  Ui  -irf-i  -IS  a  function  of  the  skin  temperature. 

vica.) 
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mm.  apart  (20).  The  location  of  these  si)ots 
corresponds  well  with  the  distribution  of 
Krause’s  end-bulbs  (Fig.  1).  On  the  prepuce 
their  average  depth  is  about  0.1  mm.  below 
the  surface,  and  their  average  density  is  15 
per  square  centimeter  (9,  7).  Single  cold 
spots  in  this  area  yield  sensations  when 
stimulated  with  a  temperature  decrease  of  as 
little  as  0?2  C.  produced  at  a  rate  of 
0?4  C,  sec.  If  a  larger  area  is  stimulated, 
even  smaller  changes  in  temperature,  in¬ 
duced  at  a  slower  rate,  can  be  perceived  be¬ 
cause  of  spatial  summation  (9,  7).  Cold 
spots  can  be  stimulated  by  mechanical, 
electrical,  and  even  heat  stimuli,  the  re¬ 
sponse  always  being  a  sensation  of  cold. 

Warmth  spots  are  not  easy  to  map  out. 
The  difficulty  probably  arises  from  the  fairly 
deep  site  of  the  end-organs.  In  the  prepuce 
they  are  at  a  depth  of  0.3  mm.,  their  density 
is  1  or  less  per  square  centimeter  (9,  7). 
Single  spots  can  be  stimulated  by  a  tem¬ 
perature  increase  of  0?3  C.  produced  at  a 
rate  of  0?2  C/sec.  Again,  much  smaller  and 
slower  changes  suffice  to  cause  warmth  sen¬ 
sation  if  larger  areas  are  stimulated.  The 


degree  of  spatial  summation  was  precisely 
calculated  by  Hardy  and  Oppel,  who  used 
radiating  heat  and  cold  (without  contact)  in 
their  study  of  the  temperature  senses  (52, 
53).  These  authors’  experiments  indicated 
that  temperature  sensations  do  not  dei)end 
on  vascular  changes  in  the  skin ;  warmth  and 
cold  sensations  can  be  elicited  without  any 
change  in  circulation.  Interestingly,  how¬ 
ever,  as  shown  in  Figure  2,  it  seems  that  the 
number  of  reacting  cold  spots  increases  with 
increasing  skin  temperature  (14). 

Pain  spots  are  distributed  more  densely 
than  spots  of  other  modalities.  Itching  is 
elicited  from  exactly  the  same  spots  as  pain 
(40).  Each  pain  spot  has  a  central  point  of 
peatest  sensitivity  (20).  Petween  the  rough¬ 
ly  hexagonal  pain  spots,  blank  spaces  occur 
which  are  wholly  insensitive  to  i)ain  (20). 
Hensity  of  pain  and  itch  sjiots  and  thresh¬ 
olds  m  different  regions  are  discussed  on 
page  137.  Great  density  of  the  itch  spots  was 
reported  m  the  perianal  area  by  Kongo  (77) 
(l‘ig.  3).  Differences  in  the  distribution  of 


these  sjiots  may  be  a  factor  in  the  predilec- 
tional  localization  of  itching  skin  diseases 
(p.  138). 

C.  SENSORY  SPOTS  AND  CUTANEOUS 
NERVE  ENDINGS 

The  attempts  to  assign  specific  sensory 
modalities  to  specific  nerve  endings  have 
culminated  in  the  work  of  Wollard,  Weddell, 
and  their  associates  (131-37,  149-52),  who 
combined  histological  observations  with 
partial  degeneration  experiments  in  animals 
and  in  patients  with  dissociated  sensory 
disturbances.  Their  findings  are  schemati¬ 
cally  represented  in  Figure  4.  As  already 
indicated,  cold  sensitivity  is  probably  medi¬ 
ated  by  Krause’s  end-bulbs.  Ruffini’s  end- 


loo.  3.  Relative  densitj'  of  itching  points  in  the 
male  anogenital  region.  From  Shapiro  and  Rothman 
(109).  (Reproduced  by  permission  of  the  Williams  & 
Wilkins  Company.) 


mgs  are  proDaoiy  tlie  receptors  for  warmth. 
\\  ithin  the  modality  of  tactile  sensations 
two  subtypes  were  distinguishable:  touch 
and  pressure.  Meissner’s  corpuscles  in  the 
corium,  Merkel’s  disks  about  hair  follicles 
and  nerve  terminals  around  the  sheaths  of 
hairs  subserve  the  sensation  of  touch;  Paci¬ 
nian  corpuscles  and  Golgi-Mazzoni  endings, 
that  of  pressure.  Finally,  pain  is  mediated  by 
free  nonmyelinated  endings  of  widely  rami¬ 
fying  fibers  which  have  a  plexiform  arrange¬ 
ment.  The  terminal  axon  ramifications 
spread  oyer  large  areas  and  overlap  with 
ramifications  of  other  fibers.  There  is  some 
disagreement  about  the  localization  of  these 
free  jiain  endings.  W  oollard  (150),  Bishop 
(20)  and  others  find  that  the  most  super- 
cidl  pain  endings  are  subepithelial.  In 
W  oollard  s  (loO)  presentation  thev  are  par¬ 
ticularly  dense  in  the  jiapillary  body.  How¬ 
ever,  from  \;eddell’s  findings  (I3/)  in  an 


Fig.  4.— Cutaneous  innervation.  .4,  groups  of  Aleissner’s  corpuscles  subserving  the  sensation  touch- 
B  beaded  nerve  nets  subserving  pain  (probably  fast  pain);  C,  Merkel’s  disks  subserving  touch;  D,  leac  er 
nerve  fibers  derived  from  nerve  nets  subserving  pain  and  associated  with  blood  vessels  (probably  slow  pam), 
E  nerve  terminals  around  the  sheath  of  a  hair  subserving  touch;  F,  a  Pacinian  corpuscle  subserving  touc  , 
G  a  group  of  Ruffini  endings  subserving  warmth;  II  and/,  groups  of  Krause  s  end-bulbs  subserving  cod 
(these  lie  at  somewhat  variable  depths  beneath  the  skin  surface).  The  organized  endings  are  accompanied 
every  instance  by  fine-beaded  nerve  fibers  subserving  pain.  From  Weddell  (135).  (Reproduced  by  permission 
of  the  author  and  the  British  Aledical  Bulletin.) 


foot.  From  Weddell  (135). 
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area  where  only  i)ain  sensations  could  be 
aroused,  it  appears  that  intraepitlermal  free 
nerve  endings  may  mediate  pain.  In  the 
snout  of  mammals,  intraepidermal  free 
nerve  endings  are  j)articularly  easy  to  dem¬ 
onstrate.' 

D.  MULTIPLE  INNERVATION  OF 
SENSORY  SPOTS 

All  fibers  arising  from  cutaneous  nerve 
trunks  undergo  extensive  branching  as  they 
ascend  in  the  skin.  The  arborizing  fibers  are 
arranged  in  meshwork  patterns  inclosing 
polygonal  areas.  The  course  of  single  fibers 
is  rather  difficult  to  follow,  because  the 
branches  turn,  describe  loops,  and  inoscu¬ 
late  with  one  another  before  reaching  their 
end-points.  However,  the  rami  never  fuse. 
There  is  no  nerve  “syncitium.”  Further¬ 
more,  branches  of  the  same  fiber  traced 
through  the  ramifications  in  the  plexus  al¬ 
ways  terminate  in  similar  nerve  endings 
(135,  127). 


by  using  intravdtal  stains  and  carrying 
out  partial  sectioning  of  nerves,  Weddell 
(135)  was  able  to  follow  the  complicated 
course  of  sensory  fibers  in  the  skin.  The 
main  result  of  this  study  was  that  the  single 
sensory  spots  have  multiple  innervations 
from  interlocking  fibers  approaching  the  same 
spot  from  different  directions.  Figure  5  shows 
the  interlocking  of  pain  fibers  in  a  skin  area 
in  which  temperature  and  touch  sensations 
were  lost. 

A  good  example  of  the  extent  of  branch¬ 
ing  and  multiple  innervation  is  the  situation 
in  the  rabbit’s  ear.  Here  the  terminal 
branches  of  single  fibers  innervate  hair  fol¬ 
licles  over  areas  as  large  as  1  cm.  in  diame¬ 
ter.  Correspondingly,  each  fiber  innervates 
as  many  as  300  follicle  groups.  Conversely, 
each  follicle  group  is  sufiplied  by  branches 
from  at  least  two  nerve  fibers  (131,  135),  but 
usually  by  more. 

E.  SPATIAL  DISCRIMINATION 


1.  There  has  been  great  reluctance  on  the  part  of 
many  physiologists  to  accept  the  jrartial  evidence 
which  led  to  the  assignment  of  sj)ecific  endings  to  spe¬ 
cific  sensory  modalities.  The  oi)j)osition  has  reached 
its  climax  in  the  recent  work  of  Sinclair,  Weddell, 
and  their  associates  (D.  C.  Sinclair,  G.  Weddell,  and 
E.  Zander,  The  relationshi])  of  cutaneous  sensibility 
to  neurohistology  in  the  human  pinna,  J.  .Vnat.,  86: 
402-11,  1952;  E.  Hagen,  H.  Knoche,  D.  C.  Sinclair, 
and  G.  Weddell,  The  role  of  specialized  nerve  termi¬ 
nals  in  cutaneous  sensibility,  Proc.  Roy.  Soc.  s.B, 
141:279-87,  1953).  The  principal  recent  findings  of 
these  authors  have  been  that  the  whole  of  the  hairy 
skin  in  man,  as  contrasted  with  the  glabrous  skin, 
does  not  contain  any  organized  endings.  On  the  gen¬ 
eral  body  surface  there  are  only  two  t>^)es  of  end¬ 
ings,  viz.,  basket-like  networks  around  the  hairs  and 
fine,  profusely  arborizing  fibers  which  terminate 
freely.  Still  there  is  no  appreciable  difference  in  the 
sensory  reception  between  hairy  and  glabrous  skin 
or  between  hairy  skin  and  adjacent  mucous  mem¬ 
branes,  m  which  organized  endings  are  i)resent  in 
profusion  (e.g.,  lips).  It  is  admitted  that  possibly  in 
specified  areas  (palmar  and  plantar  surfaces,  nipiiles 
genitalia)  organized  endings  mediate  specific  modali¬ 
ties  of  sensation,  but  this  cannot  be  the  case  for  the 
skin  in  general.  All  previous  pertinent  data  are  ques¬ 
tioned  anyhow  on  the  grounds  that  the  histological 
criteria  for  identification  of  organized  endings  are 
vague.  No  definite  morphological  criteria  can  be  set  , 


The  finding  of  multiple  innervation  of  the 
unit  sensory  spots  by  fibers  coming  from  all 
directions  made  it  initially  difficult  to  in¬ 
terpret  the  fiointlike  sharp  localization  of 
sensations  in  consciousness.  T.  Lewis  (71, 
72)  represented  most  energetically  the  view 
that  sharp  spatial  discrimination  is  incom¬ 
patible  with  interlocking  ramifying  a.xon 
systems.  He  said  that  accurate  location  of 
sensation  is  not  possible  if  the  impulse  enters 
“a  system  of  branching  axons  connecting  to 
a  wide  area  of  the  skin”  (71).  I,  too,  thought 
that  sharply  localized  prick  sensations  must 
derive  from  a  single  ending-fiber  unit,  while 
poorly  localized  itching  might  well  arise  in 
the  widespread  ramifications  of  pain  fibers 
which  mediate  diffuse  burning  pain  (97). 
However,  the  experiments  of  Weddell  (135), 
Tower  (126,  127),  and  Bishop  (19,  20)  led  to 
the  development  of  an  interpretation  prac¬ 
tically  opposite  to  the  previous  view,  name¬ 
ly,  that  the  power  of  localization  and  two- 
Jioint  discrimination  depends  on  multiple 
innerv'^ation.  If  this  multiple  innervation  is 
impaired,  so  that,  for  instance,  instead  of 


end-bub.;|isix  or  eight  axon  r’ami,  all  comi^gHom'dil 
terent  directions  and  originating  in  different 
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fibers,  only  one  or  two  endings  supj)ly  a 
single  sensory  spot,  as  is  the  case  at  the 
marginal  overlap  area  after  section  of 
nerves,  the  sensations  become  poorly  local¬ 
ized  and  faulty  in  other  respects  (135), 
Tower’s  theory  on  spatial  analysis  (127) 
has  completely  changed  the  ideas  on  spatial 
discrimination.  According  to  this  theory, 
there  is  a  central  “pattern  of  excitation 
wherein  fibers  excited  minimally  encircle 
fibers  more  strongly  excited.”  The  most 
strongly  excited  fiber  or  fibers  indicate  the 
intensity  of  stimulation  to  the  consciousness 
by  a  greater  frequency  of  discharges  (see 
below).  The  analysis  of  the  pattern  of  simul¬ 
taneous  impulses  of  different  strengths  in 
the  periphery  makes  it  possible  for  the 
center  to  localize  sharply.  If  the  pattern  of 
overlapping  fibers  is  destroyed  in  areas  of 
partial  denervation,  the  basis  for  central 
spatial  analysis  is  disordered,  or  even  elimi¬ 
nated,  because  the  cerebral  cortex  has  to 
come  to  its  interpretations  on  the  basis  of 
incomplete  data.  Spatial  judgment  then  is 
less  acute  and  often  in  error.  If  the  anatomi¬ 
cal  unit  of  a  single  fiber  with  its  widespread 
ramifications  is  isolated  by  removing  all 
overlapping  ramifications  of  other  fibers,  not 
only  is  the  sharp  localization  of  the  sensation 
lost,  but  also  the  perception  of  intensity  and 
the  affect  accompanying  the  sensation  are 
abnormally  acute  (19). 

F.  SENSORY  UNITS 

From  what  has  been  said  so  far,  it  is  clear 
that  three  varieties  of  so-called  “sensory 
units”  can  be  distinguished  (19,  20,  104): 
(1)  The  anatomical  unit  which  represents 
the  terminal  ramifications  of  a  single  fiber. 
These  terminal  ramifications  overlap  with 
others  deriving  from  other  fibers  but  do  not 
anastomose  with  them.  (2)  The  sensory 
spot,  which  is  a  surface  area  surrounded  by 
zones  which  are  not  sensitive  to  the  particu¬ 
lar  modality.  It  often  has  a  central  point  of 
maximal  sensitivity.  According  to  Bishop 
(19,  20),  this  may  be  the  point  below  which 
a  nerve  twig  from  the  cutaneous  nerve  plex¬ 
us  turns  up  toward  the  surface  of  the  skin. 
(3)  The  physiological  unit,  which  is  the 


smallest  area  whose  position  on  the  surface 
can  be  accurately  localized.  This  unit  is 
variable  regionally,  and  its  extent  depends 
also  on  the  intensity,  frequency,  and  se¬ 
quence  of  stimulation. 

G,  CONDUCTION  OF  SENSORY  IMPULSES 

Brief  and  pointlike  adequate  stimulation 
of  a  single  cutaneous  sense  organ  elicits  a 
rapid  succession  of  numerous  impulses  in 
the  nerve  paths  toward  the  center.  The 
higher  the  intensity  of  the  stimulus,  the 
greater  the  number  and/or  frequency  of  the 
impulses.  They  can  be  demonstrated  by 
electrical  discharges  which  run  along  the 
nerves  with  the  impulses. 

The  technic  of  amplifying  and  recording 
the  action  potentials  of  sensory  impulses  in 
peripheral  nerves  as  used  by  Gasser  and 
Erlanger  (45,  36)  led  to  the  recognition  of 
the  basic  fact  that  in  a  mixed  nerve  the 
conduction  velocity  of  impulses  varies  with 
the  fiber  diameter  (see  also  21,  34).  The 
larger  the  diameter  of  the  fiber,  the  faster  is 
its  conduction.  Thus  fibers  of  different  sizes 
contribute  to  distinct  parts  of  the  compound 
action  potential  of  a  mixed  nerve,  the  wave 
of  the  fast-conducting,  largest  fibers  showing 
up  first  and  the  wave  of  the  smallest,  slow- 
conducting  fibers  showing  up  last  in  the 
electroneurogram  (Fig.  6). 

The  waves  of  action  potentials  obtained 
from  cutaneous  sensory  fibers  were  classi¬ 
fied,  in  the  order  of  decreasing  rate  of  con¬ 
duction,  as  A  (|3,  7,  5,  t)  and  C  waves.  I  he 
/3  waves  arise  in  myelinated  fibers  of  more 
than  10  M  in  diameter  and  have  a  conduction 
velocity  of  30-60  meters  per  second.  The  C 
waves  are  impulses  of  thin  nonmyelinated 
fibers  with  diameters  below  5.5  m  and  with 
conduction  rates  of  0.7-1. 3  meters  per  sec¬ 
ond.  The  fiber  diameters  and  conduction 
velocities  of  7,  5,  and  e  waves  are  in  be¬ 
tween  these  two  extremes.  Each  of  them 
was  referable  to  different  maxima  within  the 
fiber-diameter  spectrum.  Fibers  of  different 
size  differ  also  in  regard  to  their  threshold 
sensitivities  and  in  their  adaptation  to  con¬ 
tinuous  or  repeated  stimulation.  Further¬ 
more,  there  is  a  reverse  behavior  in  their 
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susceptibility  to  asphyxia  and  to  local  anes¬ 
thetics  (72,  44,  19):  impulses  of  fast-con¬ 
ducting,  large  fibers  are  the  first  to  disapi)ear 
on  progressive  asphyxiation  of  the  nerve, 
while  local  anesthetics  act  first  on  slow- 
conducting,  small  fibers.  By  observing  the 
order  of  disappearance  of  the  sensory  mo¬ 
dalities  under  local  anesthetics  and  or  as¬ 
phyxia  and  correlating  this  order  with  the 
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the  largest  myelinated  /3  fibers,  although  it 
may  have  representative  components  also  in 
the  8  grou[)  (19,  44).  Two  different  kinds  of 
touch  impulses  carried  by  fibers  of  different 
sizes,  one  arising  from  hair  follicles,  the 
other  from  the  skin  in  between  the  follicles, 
were  found  by  Bishop  (16).  This  finding 
corresponds  to  two  different  kinds  of  touch 
receptors.  Pain  is  mediated  by  at  least  two 
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in  7  the  oscillation  rate  is  «)  ner  seronrl-  ?  .  the  period  of  the  larger  oscillations  is  1  millisecond; 

Gasser,  Electrical  signs  of  nervous  acti;it>-  (I’hiladelphia!  U;ivirs/tV''on^nfyll^ 


disappearance  of  special  waves  from  the 
compound  a.xon  potentials,  and  also  under 
a  great  many  other  ingenious  experimental 
arrangements  in  partial  nerve  injuries,  at¬ 
tempts  have  been  made  to  correlate  certain 
sensory  modalities  with  impulses  in  certain 
peripheral  fibers. 

hibers  subserving  different  modalities 
have  not  been  found  to  be  restricted  to  a 
Mrrow  range  of  fiber  diameters  (19  44) 
Gasser  (44)  and  Bishop  (19)  discussed  the 
limitations  of  this  approach.  Broadly  it  was 
lound  that,  in  general,  touch  is  conducted  hy 


different  types  of  fibers,  one  at  the  head  of 
the  8  group,  the  other  in  the  C  range,  ddiese 
tv\o  sets,  with  different  conduction  veloci¬ 
ties,  were  related  to  the  phenomenon  of 
double  iiain  sensation  and  to  the  different 
characteristics  of  first  (sharp)  and  second 
(du  I)  pain  (p.  IdO)  (97,  104).  However, 
hshoj)  emphasized  that  by  electrical  stimu¬ 
lation  of  the  same  pain  spot  both  types  of 
pain  (pricking  and  burning)  can  lie  elicited 
according  to  the  type  of  stimulation  (single 
or  repetitive  electrical  shocks)  (19).  Tem¬ 
perature  sensations  are  mediated  by  8  libers. 
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smaller  than  the  5  pain  fibers  but  overlap¬ 
ping  with  them.  Temperature  sense  has  not 
been  excluded  from  the  C  group  (19). 

Impulses  in  afferent  fibers  do  not  neces¬ 
sarily  reach  consciousness.  Bishoj)  emj)ha- 
sized — and  it  is  obviously  important  for 
dermatopathology — that  impulses  may  end 

Internal  capsule 


impulses  are  transmitted  (possibly  through 
the  mediation  of  one  or  more  intercalated 
neurons)  to  neurons  of  the  second  order, 
with  their  cell  bodies  in  the  posterior  horn 
and  their  axons  promptly  crossing  to  the 
contralateral  side,  then  ascending  in  the 
anterolateral  (spinothalamic)  tract.  They 


..  posterolateral  ventral  nucleus  of 
thalamus 


Mesencephalon 


Medulla  oblongata 


~  Lateral  s pinotlialaniic  tract 
Spinal  cord 


Dorsal  root  and  spinal  ganglion 

7.-..ia«ram  „f  the  path  riSTancI  tcn.pcrature  sc.sati.a.s,  K,„n,  Ransen  (87).  (RepnaltKe.,  l,v 
permission  of  VV.  H.  Saunders  Company.) 


up  at  reflex  levels.  They  may  elicit  motor  or 
secretory  responses  without  being  i)erceive(  . 

n.  ANATOMICAL  PATHWAYS  IN  THK 
CENTRAL  NERVOUS  SYSTEM  (87) 

Pain  and  temperature  impulses  enter  the 
cord  through  the  central  branches  of  the 
posterior-root  ganglion  cells  (I  ig-  /)■ 
first  neuron  ends  in  the  substantia  ge  atinosa 
in  the  apex  of  the  posterior  horn.  Here  tlie 


end  in  the  posterolateral  ventral  nucleus  of 
the  thalamus.  Probably  there  also  exists  a 
chain  of  shorter  neurons  with  frequent  m- 
terruption  in  the  gray  matter  of^  the  cord. 
This  chain  ends  at  the  same  site  in  the 
thalamus  as  do  the  uninterrupted  long 
axons.  Neurons  of  the  third  order  may  lead 
from  the  thalamus  to  the  somesthetic  area 
of  the  cerebral  cortex  in  the  posterior  cen¬ 
tral  gyrus. 
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1'he  central  branches  of  the  i)osterior- 
root  ganglion  cells  of  touch  libers  enter  the 
posterior  funiculus  and  ascend  there  for 
some  distance  (Fig.  8).  As  they  ascend,  they 
give  off  collaterals  to  the  gray  matter  at 
successive  levels.  I'he  neurons  of  the  second 
order  arise  in  the  posterior  gray  column  at 


patients  with  lesions  of  the  anterolateral 
tract,  while  touch  sensations  remain  intact 
(97). 

I.  .ADAPTATION  AND  AFTERDISCILARGE 

If  touch,  jiressure,  or  temperature  recep¬ 
tors  are  continuously  stimulated  with  con- 


Inlernal  capsule 


Fio.  8.— Diagram  of  the  tactile 
Company.) 


I)ath.  From  R 


anson  (87).  ( Rci)ro(lucefi  hy  jK-rmission  of  \V.  H.  Saunders 


these  levels.  Their  a.xons  cross  the  mid-1 
form  the  ventral  spinothalamic  tract  on 
o])posite  side,  and  end  in  the  thalamus 
neurons  of  the  third  order  again  end  in 
posterior  central  gyrus  of  the  cortex. 

Thus  the  central  pathways  of  tat 
sensations  are  clearly  separate  from  thos 
I)ain  (also  itching)  and  temjierature  *: 
sations.  The  latter  sensations  are  absen 


stant  intensity,  the  frequency  of  nerve  im¬ 
pulses  aroused  gradually  decreases,  and 
^entually  such  impulses  cease  entirely. 
1  his  phenomenon  of  adaptation  is  best  il¬ 
lustrated  by  the  relative  ineffectiveness  of 
stimuli  with  slowly  but  steadily  increasing 
intensity  and  by  the  observation  that  a 
change  in  intensity  of  any  stimulus  is  more 
effective  than  a  steady  state  (19).  Contact 
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with  moderately  warm  water,  for  instance, 
elicits  warmth  sensation,  but  the  sensation 
disappears  in  a  few  seconds  when  the  tem¬ 
perature  is  kept  constant.  Both  warmth  and 
cold  stimuli  must  have  a  critical  rate  of 
temperature  change  in  order  to  be  felt, 
otherwise  adaptation  nullifies  the  sensa¬ 
tion. 

Conversely,  in  some  instances  the  ac¬ 
tivity  of  the  sense  organs  continues  after  the 
stimulus  is  removed.  This  activity  can  be 
shown  objectively  by  electophysiological 
methods  as  afterdischarges. 

Different  types  of  sensory  endings  can  be 
differentiated  on  the  basis  of  differences  in 
adaptation  and  afterdischarge.  Touch  re¬ 
ceptors  adapt  with  extreme  rapidity  and 
have  no  afterdischarge.  The  “on-off  effect” 
in  the  touch  sense  is  similar  to  that  of  some 
retinal  endings  (2,  18).  The  receptors  would 
be  unable  to  convey  the  sensation  of  vibra¬ 
tion  if  they  were  not  “dead-beat”  (19,  104). 
Pressure  receptors  adapt  considerably  more 


slowly  than  do  tactile  receptors.  It  seems  to 
make  a  difference  whether  the  inciting  stim¬ 
ulus  is  deformation  with  or  without  pres¬ 
sure.  The  least  adaj)tive  endings  are  the  pain 
receptors.  They  either  adapt  extremely 
slowly  or  even  behave  conversely,  showing 
augmentation  of  the  discharge  with  con¬ 
tinuation  of  the  stimulus  (2,  19).  Some  pain 
impulses  have  strong  and  long-lasting  after¬ 
discharges.  It  is  obviously  of  great  biological 
significance  that  there  is  no  adaptation  to 
pain  sensation,  pain  being  a  danger  signal  in 
many  instances. 

Under  experimental  conditions,  adapta¬ 
bility  can  be  modified.  For  instance,  dep¬ 
rivation  of  calcium  reduces  it  (33).  Adap¬ 
tation  to  pain  is  profoundly  disturbed  in 
inflammatory  conditions  of  the  skin.  As 
pointed  out  by  Bishop  (19),  not  only 
changes  in  the  sensory  unit  itself  but 
changes  in  the  nonnervous  tissues  surround¬ 
ing  the  endings  may  markedly  affect  the 
sensory  functions. 


11.  PAIN  AND  ITCHING 


A.  DIFFERENT  QUALITIES  OF  PAIN  AND 
DOUBLE  PAIN  SENSATIONS 
“Pain”  in  everyday  language  connotes  a 
sensation  which  is  followed  by  an  emotional 
reaction  and  an  attempt  to  withdraw  from 
the  stimulating  agent.  Sensations  elicited 
from  pain  endings  in  the  skin  are  not  neces¬ 
sarily  so  intense  as  that.  In  the  presentation 
of  Bishop  (16,  19,  20),  quantitated  electric 
stimulation  of  the  same  pain  endings  in  dif¬ 
ferent  spatial  and  temporal  arrangement 
runs  a  gamut  of  sensations  from  an  indiffer¬ 
ent  contact  sense,  through  itch  and  non¬ 
painful  prick,  to  {iricking  pain  and  to  ache 
with  affective  aversion.  All  these  sensations 
are  due  to  activation  of  the  same  neural 
system.  4'hey  depend  on  the  number  of 
fibers  activated  and  on  the  frequency  and 
total  number  of  imjiulses,  as  they  reach 
consciousness  from  a  given  locus.  I  here  is  an 
effective  spatial  summation:  stimulation  ot 
adjacent  pain  spots  summates  the  effect  to  a 
more  intense  sensation.  Similarly,  temporal 
summation  modifies  the  character  of  sensa¬ 


tion:  the  perception  of  the  afterdischarge  of 
one  volley  is  continuous  with  the  response 
to  the  next. 

True  cutaneous  pain,  which  is  objected 
to,  has  at  least  two  easily  differentiated 
qualities:  {a)  a  bright,  pricking  pain,  which 
is  momentary,  temporary,  and  well  local¬ 
ized,  and  {b)  a  burning  pain,  which  is  diffuse. 
These  two  sensations  were  assigned  to  two 
different  sets  of  fibers,  one  conducting  fast, 
the  other  conducting  slowly.  In  the  study  of 
double  pain  sensations  it  was  found  that  the 
first  pain  is  pricking,  short,  pointlike,  and 
w'ell  localized  and  the  second  is  burning  or 
itching  and  more  unpleasant  in  character 

(97).  ,  . 

Double  pain  sensations  can  be  elicited 
from  the  extremities  by  single  pinpricks. 
'Fhe  two  successive  sensations  are  separated 
from  each  other  by  a  sensationless  interval. 
If  the  double  pain  phenomenon  is  due  to  the 
presence  of  two  sets  of  fibers  with  different 
conduction  velocities,  the  sensationless  in¬ 
terval  between  first  and  second  pain  should 
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diminish  with  shortening  of  the  distance 
from  the  locus  of  stimulation  to  the  brain. 
That  this  is  actually  the  case  was  shown  by 
Lewis  and  Pochin  (74).  On  stimulation  of 
toes  and  lingers,  the  sensationless  interval 
is  longest  and  diminishes  as  the  locus  of 
stimulation  approaches  shoulders  and  hips, 
corresponding  wdth  shortening  of  the  path¬ 
ways  of  the  impulses.  On  stimulation  of 
shoulders  or  hips,  the  difference  in  conduc¬ 
tivity  rate  of  the  two  pain-conducting  sets  is 
not  large  enough  to  make  two  distinct  sensa¬ 
tions,  and  first  and  second  pain  become 
fused.  Evidence  for  the  existence  of  two 
separate  pain-conducting  systems  (5  and  C 
fibers)  was  presented  by  means  of  electro- 
physiological  work  (26,  43)  and  by  separat¬ 
ing  first  and  second  pains  by  asphyxia  and 
by  local  anesthetics  (73). 

Although  Bishop  maintains  that  both 
pricking  and  burning  pain  can  be  elicited 
from  the  same  pain  spot  by  using  different 
patterns  of  stimulation  and  although  Lewis 
(72)  denied  that  first  and  second  pain  have 
different  qualities,  a  clear  differentiation 
between  the  two  qualities  was  recently  again 
confirmed  by  Bigelow,  Harrison,  Goodell, 
Graham,  and  Wolff  (13,  51). 

The  possible  existence  of  two  separate 
sets  of  pain  fibers  is  important  for  the  inter¬ 
pretation  of  the  itching  sensation.  While 
previously  I  believed  (97)  that  itching  is  a 
function  of  slow-conducting  C  fibers,  in  a 
newer  concept  (51)  there  are  two  qualities  of 
itching  due  to  activation  of  two  different  sets 
of  pain  fibers:  (a)  a  sharp  pricking,  super¬ 
ficial,  well-localized  itch  and  {h),  a  diffuse, 
burning  itch.  In  this  view  the  two  different 
itch  qualities  can  be  assigned  to  the  two 
different  pain-conducting  systems.  In  spite 
of  rather  impressive  evidence  in  the  field  of 
double  pain  sensations,  the  existence  of  two 
separate  sets  of  pain  fibers  is  still  not  uni¬ 
versally  accepted  (130). 


B.  THE  HYPERALGESIC  STATE 
Following  injury  to  the  skin  by  pincl 
crushing,  or  any  other  painful  stimulus 
small  circumscribed  spot,  a  widespread 
of  hyperalgesia  develops  in  the  surroun 


skin,  in  which  needle  pricks  cause  unusually 
intense  and  diffuse  and  long-lasting  pain 
and  touch  stimuli  elicit  soreness.  Hardy, 
Wolff,  and  Goodell  (59)  called  this  state 
around  the  site  of  noxious  stimulation  “sec¬ 
ondary  hyperalgesia,”  to  distinguish  it  from 
the  primary  hyperalgesia  w'hich  develops  at 
the  site  of  the  injury. 

Primary  hyperalgesia,  as  exemplified  by 
the  sensory  state  in  a  patch  of  ultraviolet 
light  erythema,  is  associated  with  con¬ 
siderable  low'ering  of  all  thresholds  to 
noxious  and  nonnoxious  stimuli.  In  second¬ 
ary  hyperalgesia  there  is  little  or  no  change 
in  sensory  thresholds.  However,  stimulation 
at  threshold  and  at  higher  levels  causes  more 
intense  and  longer-lasting  sensations  than  in 
normal  skin.  The  two  kinds  of  increased  ex¬ 
citability  can  be  characterized  as  (a)  in¬ 
creased  sensitivity  with  lowered  thresholds 
and  {b)  no  change  in  threshold  but  in¬ 
creased  sensibility  to  threshold  and  supra¬ 
liminal  stimuli.  It  appears  that  in  the  two 
phenomena  different  kinds  of  spatial  sum¬ 
mation  occur  (59). 

In  Lewis  presentation  (/I)  the  secondary 
hyperalgesia,  if  fully  developed,  fills  the 
territory  of  the  cutaneous  nerve  in  which 
the  stimulus  has  fallen  and  is  due  to  the 
excitation  of  a  widely  arborizing  peripheral 
axon  system  of  “nocifensor”  nerves,  which 
in  itself  does  not  mediate  pain  or  other 
sensations  but  is  responsible  for  changes  in 
pain  perception,  in  addition  to  causing  vas¬ 
cular  reactions  (p.  89).  Recent  work  has 
made  it  clear  that  such  a  system  not  only 
has  no  anatomical  foundation  but  also  does 
not  need  to  be  assumed  from  the  physio¬ 
logical  i)oint  of  view  (127,  104).  It  was 
shown,  furthermore,  that  secondary  hyper- 
algesia  and  axoii-rellex  flare,  both  supposed 
to  be  qnctions  of  the  nocifensor  system,  are 
not  related  to  each  other  (59). ^ 


(Knt  iu  ’  me  i)ossi  )  tv 

I  at  there  are  t,vo  dilterent  kinds  of  |X)sterior-r(»t 

(6  established  the  co„ce|,t  of  a  “nocifensor”  system 
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In  the  work  of  Hardy,  W'olff,  and  (loodell 
(59)  secondary  hyperalgesia  was  found  to 
correspond  not  with  peripheral  nerve-supply 
areas  but  with  segmental  dermatomes.  Their 
experiments  indicate  that  hyperalgesia  is 
created  only  if  the  irritated  or  injured  spot 
is  connected  with  the  central  nervous  sys¬ 
tem.  In  their  interpretation  the  hyperal- 
gesic  state  develops  because  a  barrage  of 
noxious  impulses  from  the  site  of  injury 
produces  a  segmental  excitatory  state  in  the 


Many  observers  found  that  in  hyj)eral- 
gesic  zones  weak  stimuli,  such  as  touch, 
stroking,  weak  pinpricks,  and  even  heat  and 
cold,  cause  itching  sensations.  This  is  denied, 
however,  by  (Iraham  et  al.  (51). 

C.  ITCHY  SKIN 

After  the  state  of  “itching  hyperexcita¬ 
bility”  was  described  (95),  Bickford  (12) 
was  the  first  to  distinguish  clearly  between 
“spontaneous  itch”  and  “itchy  skin.”  After 


•  [Fig.  9. — Diagrammatic  representation 
ary  hyperalgesia.  From  Hardy,  Woltf,  ani 
for  Clinical  Investigation.) 


of  the  relationship  of  a  centra!  excitatory  state  to  cutaneous  second- 
1  Goodell  (59).  (Reproduced  by  permission  of  the  American  Society 


cord  (Fig.  9).  It  is  assumed  that  the  afferent 
neurons  enter  a  neuron  pool  in  the  dorsal 
horn  and  there  make  synaptic  connections 
with  a  network  of  internuncial  neurons  m  a 
manner  like  that  described  for  motor  path¬ 
ways  by  Lorente  de  No  (78).  It  is  this  neu¬ 
ron  pool  which  is  set  into  an  excited  state  as 
a  result  of  noxious  stimulation  of  a  small 
peripheral  area.  This  concept,  which  trans¬ 
fers  the  site  of  the  hyperalgesic  state  from 
the  periphery  to  the  cord,  accounts  for  the 
type  of  spread  of  hyperalgesia  and  for  the 
increased  intensity  and  spatial  summation 
of  sensations  without  lowering  of  thresholds 

(Fig.  10). 


the  aiiplication  of  any  stimulus  which  causes 
itching,  two  different  phenomena  occur:  (</) 
there  is  an  itching  sensation  conlined  to  the 
point  of  stimulation,  persisting  for  a  short 
while  after  the  stimulation  has  ceased,  called 
“spontaneous  itch”;  {b)  around  the  iioint  of 
stimulation  a  widespread  area  can  be 
mapjied  out  which  does  not  itch  sjiontanc- 
ously  but  responds  with  itching  to  light 
friction  and  other  “nonadequate”  stimuli; 
this  area  is  called  “itchy  skin. 

Itchy  skin  and  secondary  hyperalgesia 
behave  analogously.  They  appear  alternate¬ 
ly  in  the  same  region  after  more  or  less  pain¬ 
ful  pointlike  stimulation,  and  the  zone  of 
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hyperalgesia  may  be  surrounded  by  a  nar¬ 
row  zone  of  itchy  skin  (12,  51).  (jraham, 
(loodell,  and  Wolff  (51)  found  that  hyper- 
algesic  and  itchy  zones  are  mutually  e.xclu- 
sive:  itching  cannot  be  elicited  from  hyper- 
algesic  zones;  itchy  skin  is  always  hypo- 
algesic  to  })ain  stimuli. 

As  Lewis  did  for  the  hyperalgesic  zone, 
Bickford  (12)  assumed  a  local  axon-refle.x 
activation  in  the  perijdiery  for  itchy  skin 
also,  while  W’olff  and  his  associates  (51)  as¬ 
sumed  that  itchy  skin,  as  well  as  hyperalge- 


D.  IIYPERPATHIA  AND  MERALGIA 
PARESTHETICA 

It  might  be  an  oversimplification  to  state 
that  the  two  conditions  of  hyperpathia  and 
meralgia  paresthetica  are  extremes  of  hyper¬ 
algesia  and  of  itchy  skin,  respectively,  but 
most  observations  support  such  a  statement. 
Hyperpathia  is  a  most  intense  pain  as  it  oc¬ 
curs  in  the  so-called  “thalamic  syndrome,” 
during  recovery  from  peripheral  nerve  le¬ 
sions  and  in  some  cutaneous  scars,  or  it  may 
be  induced  by  prolonged  compression  of  an 
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spinothalamic 


(viihhi  I  ‘  diuiiatic  diagram  of  pain  fiber  connections  within  the  neuron  pool,  showing  foci  of  excitation 

li':r(rwr(;:.r;ts  ''''  io-ur)  it: 

In  iiermission  of  the  American  Society  for  Clinical  Investiga- 


sia,  results  from  some  activation  of  ini 
nuncial  neurons  of  the  cord.  The  excitat 
of  this  system  is  above  a  certain  intensit> 
hyjieralgesia,  and  this  is  the  reason  tl 
iThing,  which  recjuires  low-grade  stimi 
tion,  cannot  be  elicited  there.  The  finding 
such  exclusiveness  is  in  agreement  w 
some  observations  of  Bickford  (12)  and  w 
a  remark  of  Pollock  (85)  that  hypeqtathe 
responses  (see  below)  never  include  itchi 
But  they  are  not  in  agreement  with 
original  description  of  the  hyjieralgesic  st 
l)y  .oldscheider  (47,  48),  who  found  m 
unpleasant  itching  after  slight  stroking 
hyijeralgesic  areas;  and  they  do  not  confo 
'^ith  my  own  experience. 


exHemity  (80,  83,  115,  139).  In  this  state, 
pain  from  a  needle  prick  is  felt  not  as  a 
bright  flash  but  as  a  slow,  swelling,  burning 
sting,  with  a  withdrawal  reflex  hard  to 
control  and  with  autonomic  reflex  responses, 
such  as  sweating  around  the  upper  lip  and 
contralateral  j)alm  and  dilatation  of  the 
jmpils.  Dn  testing  pain  thresholds,  the  skin 
in  hyperpathic  areas  is  found  to  be  hypo- 
algesic.  In  hyjierpathic  scars,  pain  nets  and 
terminals  are  isolated  from  their  neighbors 
instead  of  interweaving  with  them,  as  is 
normal.  It  was  ]iostulated  that  the  overre¬ 
act  ion  was  aiused  by  a  reduction  in  normal 
pattern  of  impulses  presented  to  the  con¬ 
sciousness  (139)  (j).  126). 
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Meralgia  paresthetica  (105)  is  a  disease 
marked  by  paresthesias  in  the  outer  surface 
of  the  thigh,  which  is  supplied  by  the  exter¬ 
nal  cutaneous  femoral  nerve.  The  paresthe¬ 
sia  consists  of  burning,  tingling,  stabbing 
pains  of  considerable  severity  or  possibly 
only  of  a  highly  unpleasant  numbness.  The 
condition  may  be  caused  by  traumatic  nerve 
injury  or  by  chronic  pressure  on  the  nerve 
from  trusses,  garters,  etc.  I  had  the  oppor¬ 
tunity  to  perform  some  (unpublished)  ex¬ 
periments  in  such  a  case  and  found  that  the 
diseased  area  exhibited  pronounced  itching 
hyperexcitability  more  than  any  known 
e.xample  of  “itchy  skin.”  Punctiform  itch 
stimuli,  such  as  histamine  punctures  or  ap- 
])lication  of  a  few  grains  of  itch  powder, 
cause  a  rapid  spread  of  a  most  intense  itch¬ 
ing  sensation  over  the  whole  diseased  area, 
which  lasts  as  long  as  the  patient  can  keep 
himself  from  scratching. 

E.  CAUSALGI.X  (104) 

Causalgia  is  a  special  case  of  hyperpath ia 
in  which  vasodilatation  complicates  the  pic¬ 
ture.  It  appears  after  traumatic  partial  divi¬ 
sion  of  a  peripheral  nerve.  The  i)redominant 
symptom  is  severe  burning  pain,  which  the 
patient  tries  to  counteract  by  keeping  the 
area  cold  and  wet.  The  pain  is  exacerbated 
by  any  stimulus,  however  slight,  and  also  by 
anxiety  or  any  emotional  upset.  There  is  no 
motor  or  sensory  loss.  The  skin  is  tender, 
glossy,  transparent,  somewhat  reminiscent 
of  sclerodermatic  skin  in  the  early  edema¬ 
tous  phase.  There  are  changes  in  the  nails 
and  in  the  tips  of  lingers  or  toes.  Vasodilata¬ 
tion  and  sweating  are  associated. 

In  causalgia,  sympathectomy  at  the  ap- 
proi)riate  level  brings  about  complete  relief 
in  most  cases.  It  has  been  assumed  (75)  that 
sensory  neurons  start  a  cyclic  aclbity  in 
internuncial  neurons  and  that  this  activity 
initiates  motor  and  sympathetic  effects  in 
the  periphery,  which  further  irritate  the 
sensory  system.  Thereby  a  vicious  cycle  is 
created  which  can  be  terminated  by  sym¬ 
pathectomy.  Uoupe  (31,  32)  claimed  that 
the  cause  for  the  cycle  was  direct  excita¬ 
tion  of  sensory  by  sympathetic  libers  either 


at  the  site  of  the  lesion  or  peripherally.  He 
stated  that  the  vasodilatation  might  be  a 
result  of  stimulation  of  vasodilator  sym¬ 
pathetic  fibers  (see  {).  88). 

E.  QUANTITATION  OF  PAIN  SENSATION 

In  the  last  twelve  years  Hardy,  Wolff, 
and  Cioodell  have  dealt,  in  a  series  of  careful 
and  precise  experiments,  with  the  problem 
of  quantitating  cutaneous  pain.  By  using  a 
projected  beam  of  heat  and  light,  which 
stimulated  a  blackened  area  of  the  skin,  they 
were  able  to  express  the  intensity  of  the  pain 
stimulus  in  physical  terms  and  to  elicit  pure 
jiricking  jiain  with  the  exclusion  of  tempera¬ 
ture  and  tactile  impulses  (56,  60).  They 
found  that  the  pain  threshold  for  pricking 
pain,  measured  in  this  way,  is  remarkably 
constant  in  different  individuals.  With  Schu¬ 
macher  (107),  they  studied  a  group  of  200 
subjects  of  both  sexes,  between  the  ages  of 
ten  and  eighty,  and  rejjorted  an  average 
jiain  threshold  of  220  meal,' sec/ sq  cm,  with 
a  standard  deviation  of  ±  7  meal 'sec /sq  cm. 
They  were  able  to  raise  the  pain  threshold 
for  pricking  pain  considerably,  by  eliciting 
pain  in  other  areas  of  the  skin  and  by  ad¬ 
ministering  analgesics.  Acetylsalicylic  acid, 
although  lowering  the  warmth  threshold, 
was  very  effective  in  raising  the  pain  thresh¬ 
old.  However,  in  examining  the  effect  of 
systemically  administered  analgesics,  they 
found  it  necessary  to  dissociate  pain  j^ercep- 
tion  from  pain  reactions.  Opiates  and  ethyl 
alcohol,  in  particular,  affected  the  reaction 
to  pain  much  more  than  they  did  the  percep¬ 
tion  of  pain  (146,  147,  148).  Psychic  sugges¬ 
tions  interfered  with  the  regularity  of  their 
results  (145). 

The  authors  succeeded  in  measuring  just 
noticeable  differences  in  intensities  of  i)ain 
sensations  above  the  threshold  level  and 
were  al)le  to  distinguish  21  steps  between 
threshold  and  ceiling  intensity  of  pain.  I  hey 
constructed  a  scale  of  pain  intensity  with 
units  of  the  scale  called  “dols,”  each  dol 
corresponding  to  two  steps  in  noticeable  in¬ 
tensity  change  (21  steps  =  1(U  dols)  (5/, 

58).  . 

By  prolonging  the  exposure  time,  the 
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autliors  could  elicit  and  measure  burning 
pain.  But  the  establishment  of  thresholds 
and  intensities  for  burning  pain  met  greater 
difficulties  than  those  for  pricking  pain  (13, 
34).  This  is  regrettable,  because  for  the  anal¬ 
ysis  of  hyperalgesic  states  and  itchy  skin 
alterations  in  burning-pain  sensitivity  are 
to  be  e.xpected,  rather  than  changes  in 
pricking  f)ain,  since  pure  jrricking  pain 
(without  afterdischarges)  is  hardly  ever  felt 
in  such  areas. 

Possibly  this  is  one  reason  why  the  e.x- 
amination  of  the  sensitivity  of  itching  and 
nonitching  skin  lesions  with  this  method 
(86)  did  not  yield  much  useful  information. 
In  this  study  there  was  a  wider  spread  in 
threshold  values  than  normal  and  some 
tendency  for  hyperalgesia  in  itching  skin 
lesions.  But  there  also  was  a  number  of  le¬ 
sions  with  pronounced  hypoalgesia.  It  could 
not  be  established  to  what  degree  abnormal 
thickening  of  the  horny  layer  contributed  to 
raising  the  threshold  in  lesions  with  hypo- 
algesia.  In  the  majority  of  itching  skin  le¬ 
sions  the  pain  threshold  was  not  altered, 
and,  with  normal  thresholds,  the  sensitivity 
to  supraliminal  stimuli  was  in  some  cases 
augmented  and  in  others  decreased.  This 
study  seems  to  prove  the  axiom  that  the 
qualitative  changes  occurring  in  the  sensitivity 
oj  damaged  skin  can  hardly  be  characterized  by 
quantitative  measurement  of  the  pricking-pain 
sensation. 


As  far  as  (juantitation  of  pain  in  genen 
is  concerned,  the  work  of  Hardy,  \\'olff,  an 
Ooodell  was  challenged  in  several  publicii 
tions  by  Beecher  (10,  11,  61),  whose  mai 
point  was  that  perception  of  pain  and  th 
reaction  to  it  vary  immensely  with  the  in 
dividual’s  attitude,  momentary  constella 
tions,  and  suggestions.  According  to  Bee 
cher,  constancy  of  jiain  threshold,  pain  per 
ceptions,  and  pain  reactions  does  not  exis 
and  cannot  be  expected;  he  irarticularh 
emphasized  that  it  is  impossible  to  evaluat 

\\  hyte  (142)  was  unable  to  demonstrate  tin 
influence  of  aspirin  and  morphine  on  prick 

heat 

he  difficulty  of  quantitation  is  certainb 


greatest  in  the  field  of  burning  pain  and 
itching. 

A  new  principle  of  estimating  cutaneous 
sensory  thresholds  by  the  use  of  high-fre- 
fjuency  square-wave  currents  was  intro¬ 
duced  by  Sigel  (112,  113). 

Abnormal  readiness  to  itch  can  develop 
in  both  hyperalgesic  and  hypoalgesic  areas 
(97).  W'hile  in  some  hypoalgesic  states  (for 
instance,  during  periods  of  increasing  and 
decreasing  local  anesthesia)  pain  stimuli 
elicit  itching  (125),  in  hyperalgesia  (at  least 
in  primary  hyperalgesia)  itching  is  easily 
provoked  by  light  touch  or  stroking.  This 
seemingly  paradoxical  behavior  is  consistent 
with  the  thesis  that  itching  arises  from  weak 
stimulation  of  pain  fibers.  In  hyperalgesia, 
subthreshold  stimulation  for  pain,  which 
normally  causes  only  touch  sensations,  may 
elicit  itching.  And,  vice  versa,  stimuli  which 
cause  pain  in  normal  skin  will  cause  only 
itching  in  hypoalgesic  skin.  Moreover,  the 
actual  pain  thresholds  in  damaged  skin 
probably  depend  to  such  a  high  degree  on 
the  extremely  variable  reactive  thickening 
of  the  horny  layer  that  one  can  hardly  ex¬ 
pect  any  regularity  in  their  behavior  in  skin 
lesions.  If  pain  threshold  and  pain  sensi¬ 
bility  are  measured  by  stimulating  the  end¬ 
ings  with  radiating  heat,  the  influence  of  the 
horny-layer  thickness  is  even  greater  than 
when  testing  is  done  with  mechanical  or 
electrical  stimulation,  because  the  latter 
stimuli  break  through  the  heat-insulating 
horny  layer  with  greater  ease. 

A  remarkable  finding,  however,  obtained 
with  radiating  heat  stimulation,  concerns 
the  influence  of  blood  flow  on  thresholds 
Schumacher  (1()6)  found  no  lowering  of 
pain  thresholds  in  pure  arterial  hyperemia, 
such  as  that  elicited  by  nicotinic  acid,  but 
considerable  lowering  when  the  increased 
arterial  blood  flow  was  part  of  an  acute  in¬ 
flammation,  as  is  the  case  in  ultraviolet  light 
dermatitis.  The  increase  in  skin  temperature 
was  about  the  same  in  both  instances.  Thus 
It  appears  that  it  is  not  the  increase  in  tem- 
perature  but  an  additional  factor  in  inflam¬ 
mation  which  affects  the  pain  end-organs  \ 
owered  pam  threshold  in  areas  of  inflamma- 
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tion  could  be  restored  to  normal  by  adminis¬ 
tration  of  acetylsalicylic  acid.  However, 
Schumacher’s  results  are  at  variance  with 
those  of  Weitz  (141),  who  found  a  marked 
decrease  in  pain  thresholds  with  increasing 
skin  surface  temperature.  Thus  it  remains  a 
debatable  question  whether  itch  thresholds 
under  natural  conditions  are  not  influenced 
by  increased  blood  flow  to  the  skin.  A  num¬ 
ber  of  empirical  observations — for  instance, 
a  greater  readiness  to  itch  at  the  peak  of 
diurnal  temperature  variations  in  the  after¬ 
noon  hours  (p.  245)  or  under  emotional 
stress  connected  with  arterial  hyperemia 
(p.  91) — -strongly  suggest  that  cutaneous 
blood  flow  has  a  great  influence  (see  also  the 
inhibitory  effect  of  vasoconstriction,  p.  140). 

G.  RELATION  OF  P.A.IN  AND  ITCHING 

The  evidence  that  itching  sensations  are 
elicited  from  the  arborizing  free  jiain-nerve 
endings  close  to  the  surface  was  summarized 
earlier  by  me  (97,  98)  and  more  recently  by 
Graham,  Goodell,  and  Wolff  (51).  The  main 
line  of  proof  is  that  itching  can  be  elicited 
in  areas  with  complete  tactile  anesthesia 
and  that  it  is  absent  in  analgesic  areas  with 
intact  touch  sense.  Like  pain,  itching  im¬ 
pulses  are  carried  by  the  anterolateral  tract 
in  the  cord  (37).  Itching  is  indejiendent  of 
the  function  of  the  temperature  senses  (97). 

While  there  is  almost  complete  agreement 
on  the  anatomical  jiathways  of  itching  and 
also  on  the  experimental  evidence  that  itch¬ 
ing  arises  when  j)ain  endings  are  weakly 
stimulated,  there  is  much  uncertainty  as  to 
how  to  explain  the  different  qualities  of  the 
two  sensations.  Subjectively,  weak  pain  and 
itching  are  easily  distinguished,  and,  ob¬ 
jectively,  the  motor  responses— desire  to 
withdraw  in  the  case  of  jiain  and  desire  to 
scratch  in  the  case  of  itching— are  vastly 
different. 

The  earliest  explanation  for  the  different 
qualities  was  that  itching  arises  if  several 
pain  endings  are  stimulated  in  specihc  spa¬ 
tial  and  temporal  patterns  (U3,  40,  3.i).  1  he 
same  interpretation  was  given  recent  y  ly 
Hishoi)  (19.  20)  who  holds  that  itching  is  set 
up  by  rapid  repetitive  stimuli,  each  shock 


being  so  weak  that  the  summation  of  the 
effect  of  several  shocks  is  needed  to  produce 
any  sensation  at  all.  He  finds  that  itching 
corresponds  to  a  slow,  but  persisting  and 
uniform,  frequency  of  fiber  response. 

There  is  no  doubt  that  itching  is  produced 
with  great  ease  when  the  stimulus  is  weak 
and  repetitive  and  when  several  pain  points 
are  stimulated  simultaneously.  However, 
itching  can  also  be  elicited  by  pointlike 
single  stimuli,  mainly  as  an  aftereffect  of 
weak  pinpricks  (97)  and  particularly  in  the 
abnormal  “itchy  skin.”  Thus  a  particular 
spatial  and  temporal  type  of  stimulation 
cannot  be  regarded  as  an  absolutely  obligate 
factor  in  the  production  of  itching. 

The  second  interpretation  (97)  was  that 
there  are  two  distinct  sets  of  pain  fibers, 
one  mediating  sharp,  well-localized,  bright, 
pricking  pain  (|3  fibers)  and  the  other  medi¬ 
ating  a  diffuse,  more  unpleasant,  burning 
pain  (C  fibers).  Under  normal  circum¬ 
stances  the  latter  sensation  is  suppressed  or 
corrected  by  the  former.  But  if  by  some  in¬ 
jury  or  pathological  event  the  sensitivity  of 
the  system  mediating  sharj)  pricking  pain  is 
impaired,  the  sensations  of  the  second  sys¬ 
tem  are  experienced  in  a  pure  form.  When 
in  such  state  the  intensity  of  the  noxious 
stimulus  is  gradually  increased,  suj)er(icial 
tickling  sensation  progresses  to  itching,  and 
itching  to  diffuse  burning  pain,  without 
critical  change  in  the  quality  of  sensation 
(153,  97).  Itching  is  elicited  when  C  fibers 
are  weakly  stimulated  in  the  absence  of  6- 
fiber  excitation.  Characteristically,  the  sen¬ 
sations  mediated  by  C  fibers  persist  after 
the  cessation  of  stimulation,  since  the  fibers 
are  inclined  to  afterdischarges  and  their  im¬ 
pulses  are  capable  of  central  summation. 
They  often  appear  as  aftersensalions  of 
other  sensory  perceptions.  „  .  , 

'rhis  interpretation  was  linked  (9/)  with 
the  assumption  of  Head  (62)  of  two  different 
— epicritic  and  ])rotopathic  afferent  sys¬ 
tems  the  first  mediating  sensations  with 
sharp  spatial  as  well  as  temporal,  dis¬ 
crimination;  the  second  meiliatmg  ixiorly  or 
faultily  localized  sensations  with  an  un- 
jileasant  diffuse  quality.  In  areas  with  proto- 
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pathic  sensitivity  the  thresholds  are  usually 
raised  (hypoesthesia  and  hypoalgesia),  but 
the  sensations  are  intense  and  explosive  at 
threshold  levels. 

The  interpretation  of  itching  as  a  weak 
protopathic  pain,  which  I  presented  first 
some  thirty  years  ago  (94),  was  maintained 
in  spite  of  the  general  consensus  that  Head’s 
hypothesis  of  the  two  separate  systems  be¬ 
came  untenable  long  ago  (130,  97).  The 
nomenclature  of  Head  was  adhered  to  be¬ 
cause,  regardless  of  its  interpretation,  the 
existence  of  “protopathic  sensitivity”  in 
nerve  lesions  and  in  itching  skin  lesions  (95) 
has  remained  a  fact,  and  reference  is  being 
made  to  it  all  the  time  (97,  55,  104). 

Still  the  criticism  that  “no  useful  pur¬ 
pose”  is  served  by  retaining  the  terminology 
of  Head  (51)  must  be  accepted,  mainly  be¬ 
cause  the  work  of  Tower  and  W  eddell  (p. 
126)  made  it  clear  that  the  “protopathic” 
type  of  sensitivity  arises  not  when  one  sys¬ 
tem  is  eliminated,  while  the  other  becomes 
uninhibitedly  prevailing,  but  when  the  mul¬ 
tiple  innervation  of  sensory  spots  by  equal 
fibers  becomes  defective.  Thus,  according  to 
the  present  concept,  the  “protopathic”  qual¬ 
ity  of  pain  is  produced  not  in  an  independent 
system  of  fibers  but  in  the  regular  pain¬ 
conducting  systems  when  the  multiple  in¬ 
nervation  of  sensory  spots  has  been  im¬ 
paired.  Such  partial  damage  to  fibers  may  be 
created  experimentally  or  by  morbid  i)roc- 
esses,  and  the  damaged  area  accjuires  in¬ 
creased  itching  excitability  (99).  In  my  ex¬ 
periments  (95)  on  itching  skin  lesions,  I 
found  in  such  areas  that  needle  pricks  caused 
abnormally  intense,  diffuse,  radiating,  and 
prolonged  pain,  with  aftersensations  of  itch¬ 
ing,  touch  stimuli  elicited  soreness;  intense 
Itching  could  be  easily  elicited  by  slight 
touch  or  by  stroking  and  as  an  aftersensa¬ 
tion,  even  when  cold  stimuli  were  ajiplied. 

N  M “itching  hyperexcitabil- 
ity  (9o)  or  “itchy  skin”  (12)  (p.  132). 

In  contrast  to  this  concept  of  itching 
^^^^^ctively  innervated  endings 
V  u-  newest  interpretation  of 

Itching  (49,  51)  implies  that  there  are  two 
types  of  Itching  sensations:  {a)  a  sharp, 


firicking,  superficial,  and  well-localized  itch¬ 
ing,  mediated  by  fast-conducting  pain  fibers, 
and  {b)  a  burning  itch,  mediated  by  slow- 
conducting  pain  fibers.  The  experiments  of 
(iraham,  Goodell,  and  W'olff  (51)  suggest 
that  perception  of  burning  itching  dejiends 
on  the  presence  in  the  cord  of  a  circuit  of 
internuncial  neurons  around  which  impulses 
travel  constantly  (Fig.  11).  The  impulses  in 
this  circuit  are  established  by  the  low  dis¬ 
charge  frequency  of  weakly  stimulated  pain 
fibers.  Impulses  are  sent  from  the  circuit 
upward  to  the  brain  in  an  orderly  fashion. 
The  itch-producing  stimulus  is  too  weak  to 
cause  pain,  but  it  does  activate  the  nerve 


Fig.  11. — Suggested  arrangement  of  circuits  in 
iriternuncial  neurons  responsible  for  itching.  Painful 
pinprick  presumably  breaks  uji  the  circuits.  From 
Graham,  Goodell,  and  Wolff  (51).  (Rejiroduced  by 
permission  of  the  .-Vmerican  Society  for  Clinical 
Investigation.) 

ending.  Once  itching  has  been  produced,  the 
pain  thresholds  are  lowered  because  of  this 
activation. 

Little  is  known  about  regional  differences 
of  itching  (and  pain)  excitability.  Sigel 
(114)  found  low  sensory  thresholds  on  the 
face,  bald  scalp,  and  the  instep.  However,  he 
used  electrical  stimuli,  and,  as  he  pointed 
out,  in  these  areas  the  electrical  resistance  is 
low,  so  that  the  differences  might  have  been 
due  to  greater  accessibility  of  receptors  to 
electrical  stimuli  in  these  regions.  Probably 
the  most  valuable  data  are  still  those  of 
von  Frey  (42).  As  shown  in  Table  1,  he 
ound  the  greatest  density  of  pain  points  and 
lovv  threshold  values  in  the  popliteal  and 
cubital  fossae,  in  the  inguinal  and  jugular 
regions,  and  in  the  clavicular  fossae,  a  dis- 
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tribution  remarkably  reminiscent  of  the 
predilectional  sites  of  atopic  dermatitis. 

Itching  excitability  is  certainly  great 
around  the  large  openings  at  the  site  of 
transitions  between  skin  and  mucous  mem¬ 
branes.  For  the  anal  area  of  men  this  was 

T.\BLE  1 


Density  and  Thresholds  of  the  Pain 
Spots  in  Different  Parts 
OF  THE  Body  (42) 


P.AiN  Spots 

Skin  Region 

Number/ 

Cm= 

Average 

Threshold 

(Gm.) 

Scalp . 

144 

1 . 35 

Forehead . 

184 

0.53 

Dorsal  aspect  of  nose . 

108 

0,95 

Tip  of  nose . 

44 

1.00 

Chin . 

196 

0 . 55 

Cheek . 

180 

0.58 

Lobe  of  ear . 

168 

0.48 

.\nthelix  of  ear . 

136 

0.57 

Outer  edge  of  ear . 

76 

0.78 

Eyelid . 

172 

0. 18 

Hyoid  region . 

204 

0.48 

Jugular  region . 

228 

0. 26 

Clavicular  fossa . 

212 

0.28 

Nape  of  neck  (hairline) . 

176 

0 . 65 

Upper  arm,  medial  aspect.  . 

208 

0.29 

Upper  arm,  lateral  aspect. 

200 

0.46 

Cubital  fossa . 

224 

0.27 

Forearm,  volar  aspect . 

203 

0.32 

Forearm,  dorsal  aspect . 

196 

0 . 5 1 

Dorsum  of  hand . 

188 

0 . 66 

Knuckle  of  thumb . 

60 

2-4.0 

Inguinal  region 

220 

0.38 

0.66 

0.60 

0.30 

0.70 

0.56 

0.68 

Thigh,  anterior  aspect . 

Thigh,  posterior  aspect 

Pofiliteal  fossa . 

Leg,  anterior  aspect . 

Leg,  posterior  aspect . 

Dorsum  of  foot . 

192 

176 

232 

172 

160 

168 

Sole  of  foot . 

48 

2-4.0 

demonstrated  by  Longo  (77)  (p.  123).  In 
some  cases  of  brain  tumors,  itching  of  the 
nostrils  was  noted.  In  cats,  itching  (or  at 
least  the  scratch  reflex)  can  be  most  easily 
elicited  from  the  external  ear  canal  (25). 

H.  TICKLING 

Tickling  was  often  thought  to  be  a  func¬ 
tion  of  touch  receptors  and  touch  libers  (9/). 


Bishop’s  (19)  experiments  also  suggested 
that  tickle  was  a  form  of  touch.  It  requires 
an  intermittent  stimulus  or  stimulation  of 
adjacent  points  and  stimulation  below  a 
certain  intensity.  Movement  of  the  stimulus 
was  found  to  be  an  essential  factor.  In  con¬ 
trast,  however,  in  most  of  the  recent  publi¬ 
cations  the  sense  of  tickle  is  assigned  to  the 
pain  system  (97,  51),  and  Hardy  et  al.  em¬ 
phasize  again  the  close  relation  of  tickle  to 
itch.  In  their  experience  tickle  evokes  the 
desire  to  scratch  (59). 

I.  experimental  itch  stimuli 

In  normal  skin,  the  itching  sensation  can 
be  elicited  by  mechanical,  electrical,  and 
chemical  stimuli  for  experimental  purposes. 
In  the  case  of  mechanical  or  electrical  stimu¬ 
lation,  certain  intensities  and  spatial  and 
temporal  patterns  facilitate  the  production 
of  itching.  Among  chemical  stimuli,  dilute 
buffered  solutions  of  histamine  salts  intro¬ 
duced  by  pinpricks,  electrophoretically,  or 
by  intradermal  injections  are  used  most  fre¬ 
quently,  because  histamine  elicits  itching  in 
its  purest  form  and  because,  by  changing  the 
concentration  of  the  solution,  the  intensity 
of  the  sensation  can  be  well  graded.  How 
effectively  histamine  can  be  used  in  studies 
on  itching  is  exemplified  in  the  work  of 
Cormia  (27),  who  was  able  to  demonstrate 
diurnal  variations  of  the  itch  threshold  and 
decreased  thresholds  in  pruritic  lesions  and 
after  psychic  trauma. 

Itch  powder--the  powder  and  spicules 
from  the  plant  Mucuna  pruriens— probably 
acts  by  a  combined  mechanical  and  chem¬ 
ical  effect,  the  spicules  mechanically  irritat¬ 
ing  the  skin  (55).  After  a  short  period  of 
j)ricking  and,  or  burning  pain,  the  apiilica- 
tion  of  this  jiowder  to  the  skin  causes  jiure 
itching.  If  the  experiment  does  not  require 
pointlike  stimulation,  itch  powder^  is^  an 
excellent  tool  for  experimentation  (97,  51).^ 

Because  temperature  and  touch  stimuli 
do  not  elicit  itching  in  normal  skin  but  may 
do  so  in  altered  skin,  they  usually  are  called 
“inadequate”  or  “nonspecific”  stimuli  of 
itch  sensation. 

As  to  whether  itching  has  been  elicited  or 
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not,  generally  the  unmistakable  desire  to 
scratch  is  used  as  a  criterion  in  man.  In  ani¬ 
mals  the  scratch  reflex  can  be  observed 
directly. 


J.  THE  SCRATCH  REELIiX 

The  motor  response  to  itching  is  a  sjunal 
reflex  (1 1 1).  It  is  to  some  degree  inhibited  by 
the  function  of  cortical  centers  (25).  In 
human  beings  the  different  forms  of  the 
motor  response  to  itching,  such  as  scratching 
with  the  nails,  rubbing  or  kneading  the  skin, 
are  controlled  to  a  certain  degree  by  will 
power.  How  these  movements  alleviate  itch¬ 
ing  is  a  difficult  question  to  answer.  My  orig¬ 
inal  view  was  that  pain  impulses  of  fast-con¬ 
ducting  fibers  were  stimulated  by  scratching 
and  that  the  sharp  pain  sensations  sup¬ 
pressed  itching,  which  is  a  function  of  the 
slow-conducting  system.  According  to  Bish¬ 
op  (19),  itching  comes  about  by  low  but 
persisting  and  uniform  frequency  of  fiber 
responses;  and  scratching,  inducing  a  new 
type  of  impulse  in  the  same  fiber  system, 
breaks  up  the  monotony  of  the  fiber  response 
without  abolishing  its  activity.  Similarly, 
for  Graham,  Goodell,  and  Wolff  (49,  50,  51) 
scratching  disturbs  the  regular  rhythm  of 
impulses  in  the  circuit  of  internuncial  neu¬ 
rons.  These  authors  find  that  itching  is 
promptly  abolished  by  a  pinprick,  not  only 
if  it  is  applied  in  the  itching  zone  but  also  if 
the  prick  is  made  at  a  considerable  dis¬ 
tance  (up  to  24  cm.)  from  the  itching  area 
(hig.  11,  p.  137).  /\11  that  is  needed  to  break 
up  the  pattern  of  itching  impulses  is  to  apply 
a  new  stimulus  (of  higher  intensity?)  within 
the  same  dermatome.  This  observation  fits 
well  the  clinical  e.xperience  that  some  pa¬ 
tients  with  itching  skin  diseases  pinch  or 
knead  the  skin  outside  the  itching  area. 
Abolition  of  itching  by  jfinj^ricks  lasts 
longer  than  the  prick  sensation  itself. 

If,  by  scratching,  the  entire  thickness  of 
the  epidermis  is  torn  off  with  some  of  the 
connective  tissue  beneath,  itching  ceases  im¬ 
mediately.  This  hqipens  in  cutaneous  dis¬ 
eases  either  by  tearing  off  elevated  lesions 
(e.g.,  prurigo  jiajiules)  or  by  excoriating  the 
at  skin  surface  with  “digging” 

movements 


of  the  nails  (e.g.,  neurotic  excoriations). 
Otherwise,  except  if,  by  scratching,  the  itch 
stimulus  is  removed,  scratching  has  only 
temporary  effect.  After  the  conditions  for  a 
return  of  itching  have  been  restored,  it  may 
recur  with  a  greater  intensity,  because  the 
prick  or  scratch  stimuli  may  have  caused 
afterdischarges  which  may  be  felt  as  itch- 
ing. 

In  pathologically  increased  itching  ex¬ 
citability,  scratching  leads  to  a  tormenting 
vicious  circle,  consisting  of  increasingly  vio¬ 
lent  scratching  and  increasingly  intensive 
itching.  Such  scratch  jiaro.xysms  may  last 
many  hours  and  may  cease  only  because  of 
total  somatic  and  psychic  exhaustion  of  the 
{latient.® 

Scratch  movements  are  usually  rhyth¬ 
mical  in  man  and^  animal.  According  to 
Sherrington  (111),  the  rhythmicity  is  due  to 
refractory  periods  in  the  spinal  centers.  In 
the  modern  view  it  appears  that  one  pattern 
of  rhythmicity  of  impulses  excludes  the 
other.  Recently,  Cornbleet  (28)  found  that 
the  average  lengths  of  linear  scratch  marks 
become  progressively  shorter  as  one  pro¬ 
ceeds  in  the  distal  direction  on  the  limbs. 
His  findings  suggested  that  there  might  be 
an  inverse  correlation  between  lengths  of 
scratch  marks  and  density  of  touch  points. 
He  assumed  that,  in  order  to  suppress  itch- 
ing  by  scratching,  a  similar  number  of  touch 
points  must  be  stimulated  everywhere  on 
the  body  surface;  wherever  touch  points  are 
dense,  scratch  marks  are  short,  and  where 

touch  points  are  far  apart,  the  marks  are 
long. 


It  has  been  an  old  clinical  observation 
that  in  man,  according  to  the  nature  of  the 
pruritic  skin  disease,  the  technique  of 
scratching  (or  rubbing)  is  different.  In  some 
diseases  bloody  linear  scratch  marks  are 
common.  In  others,  although  they  are  ex¬ 
tremely  pruritic,  such  marks  are  not  seen 


Lm'TMV r ^  “cutaneous onam 

ism  (M),  substitutive  for  sexual  orgasm”  (120)  or 

r 

For  ?  ^his  presentation. 

I  or  details  see  references  108,  103,  123. 
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K.  ITCHING  AND  VASOMOTOR  REACTIONS 

In  a  skin  area  where  the  minute  vessels 
have  been  constricted  by  a  local  injection  of 
epinephrine,  itching  cannot  be  elicited  (24, 
81).  It  was  concluded,  therefore,  that  vaso¬ 
motor  reactions  (which  are  inhibited  by  the 
capillary  spasm  in  epinephrine  anemia)  are 
required  for  the  elicitation  of  itching  (24). 
\\  hile  it  is  true  that  itching,  particularly 
itching  hyperexcitability,  is  often  accom¬ 
panied  by  vasodilatation  or  in  some  cases  by 
vasoconstriction  and  pilomotion,  the  avail¬ 
able  data  suggest  (96)  either  that  vasomotor 
phenomena  are  co-ordinated  with  itching, 
both  deriving  from  a  common  cause,  or  that 
they  are  a  reaction  to  the  sensory  impulse 
coming  from  a  reflex  level,  analogous  to 
vasomotor  reflex  phenomena  which  follow 
pain  sensations.  It  is  probable  that  it  is  the 
local  ischemia  in  the  epinephrine  experiment 
which  prevents  the  impulse  from  arising  in 
the  appropriate  endings:  in  the  absence  of 
sufficient  oxygen,  the  sensitivity  of  pain  end¬ 
ings  is  impaired  (122).  Interestingly,  once 
itching  has  been  induced,  epinephrine  injec¬ 
tion  does  not  abolish  the  continuous  sensa¬ 
tion.  This  observation  possibly  supports  the 
assumption  of  a  rather  autochthonous  cir¬ 
cular  excitation  of  neurons  in  the  cord. 

Itching  is  independent  of  sympathetic  in¬ 
nervation.  It  can  be  elicited  in  sympathec- 
tomized  areas  as  well  as  in  normal  skin,  and 
the  cjuality  and  intensity  of  the  sensation 
are  not  different  from  normal.  Still  it  has 
been  claimed,  on  clinical  grounds,  that 
sympathicolytic  drugs,  such  as  ergotamine, 
do  decrease  itching  excitability  (24).  More 
recently  this  claim  was  indirectly  sui)ported 
by  Kbnigstein  (67)  in  the  case  of  a  special 
exjierimental  arrangement.  By  injecting 
“thalassin,”  an  extract  of  tentacles  of  Ac- 
ti/iia,  intravenously  into  dogs  and  cats,  he 
produced  violent  scratching  spells  in  these 
animals.  Administration  of  ergotamine  tar¬ 
trate  jirevented  or  aborted  these  sjiells. 

Antidromic  vasodilatation  has  not  been 
shown  to  be  necessary  in  eliciting  the  sensa¬ 
tion  of  itching.  The  red  flare  of  the  triple 
resj)onse  does  not  coincide  with  the  zone  of 


hyperalgesia  (59)  or  itchy  skin.  The  ad¬ 
ministration  of  neither  Mecholyl  nor  Ban- 
thine  influences  itch  sensation  (27). 

Recently,  it  was  reported  that  locally  ap¬ 
plied  tetraethylammonium,  a  drug  which 
blocks  autonomic  ganglia,  prevents  the  de¬ 
velopment  of  itchy  skin  (118).  No  satis¬ 
factory  explanation  can  be  offered  for  this 
observation  at  the  present  time. 

L.  PHYSIOLOGICAL  OR  MINIMAL  PRURITUS 

“Physiological”  or  “minimal”  pruritus 
are  terms  used  to  contrast  the  pruritus  of 
pathological  processes  with  the  itching 
which  is  due  to  the  weak  stimuli  of  everyday 
life,  such  as  slight  rubbing,  slight  changes  in 
pressure  and  temperature  (e.g.,  in  undress¬ 
ing).  The  impulses  resulting  from  such  stim¬ 
uli  are  of  minimal  intensity  and  scarcely 
enter  consciousness.  However,  a  person  may 
become  conscious  of  this  minimal  pruritus 
when  his  attention  is  concentrated  on  it,  as 
occurs  in  forced  immobility,  in  boredom, 
and  in  fatigue  (102).  The  instinctive  activity 
of  animals  that  is  conducive  to  cleanliness 
was  supposed  to  be  caused  by  it  (64). 

No  sharp  limit  can  be  drawn  between 
physiological  pruritus  and  itching  which  is 
elicited  by  pathological  processes  in  the  skin 
or  in  the  nervous  system.  However,  such  a 
distinction  is  practicable  if  pathological 
pruritus  is  defined  as  itching  evoked  by 
morbid  states  and  is  of  such  intensity  that  it 
causes  disturbances  of  well-being.  The  vi¬ 
cious  cycle  of  itching-scratching  paro.xysms 
does  not  occur  in  physiological  pruritus,  al¬ 
though  the  latter  is  followed  by  short  periods 
of  scratching. 

M.  ITCHING  IN  PATHOLOGICAL  STATES 

From  the  clinical  point  of  view,  probably 
the  most  imj)ortant  result  of  experimenta¬ 
tion  in  this  field  has  been  the  distinction 
between  “sixmtaneous  itch”  and  “itchy 

skin.”  .  ,  . 

It  was  stated  (95,  96,  99)  that  “itching 

skin  lesions,”  such  as  urticarial  wheals, 
prurigo  nodules,  eczematiform  vesicles,  anil 
lichenilied  lesions,  itch  “spontaneously 
only  during  their  development  while  irritat- 
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ing  substances  are  being  formed  locally  or 
carried  there  by  the  blood  stream.  These  ir¬ 
ritating  substances  are  responsible  for  tvvo 
independent  phenomena:  (a)  the  anatomic 
inflammatory  lesion  itself  provoked  by  cell 
injury  and  {b)  the  itching  ijrovoked  by 
stimulation  of  the  nerve  endings.  This  itch¬ 
ing  is  of  short  duration,  e.xcept  in  the  case  of 
continuous  hematogenous  transfer  of  irritat¬ 
ing  substances.  However,  in  most  instances, 
after  the  spontaneous  itching  has  subsided, 
an  increased  itching  sensitivity  persists  for 
many  hours  or  even  days,  in  the  area  of  and 
around  the  lesions,  regardless  of  whether  the 
anatomic  lesion  has  subsided,  as  in  urticaria, 
or  has  not,  as  in  the  case  of  eczematous 
vesicles. 

Even  if  the  increased  sensitivity  is  not 
very  pronounced,  as  in  some  cases  of  urti¬ 
caria,  itching  may  always  be  elicited  by 
stroking  or  rubbing,  hours  or  days  after  the 
urticaria  has  subsided.  This  phenomenon  is 
a  part  of  what  has  been  called  somewhat 
poetically  “mnemodermia,”  or  “cutaneous 
memory”  (64,  124).  There  is  no  itching  skin 
disease  in  which  it  cannot  be  found. 

In  pathological  degrees  of  itching  hyj)er- 
excitability,  all  kinds  of  inadequate  stimuli, 
such  as  light  touch,  light  strokes,  pressure, 
release  of  pressure,  and  temperature  stimuli, 
elicit  violent  itch  sensations.  Although,  in 
reality,  this  is  a  state  of  “itchy  skin”  or 
itching  hyperexcitability,  it  is  mistaken  for  a 
state  of  “spontaneous  itch”  because  the 
slight  and  inadequate,  but  very  effective, 
external  stimuli  escape  notice  (95,  96).  In 
this  state,  one  might  say,  even  the  slightest 
breath  of  air  may  evoke  itching,  and,  under 
the  conditions  of  everyday  life,  it  becomes 
practically  impossible  to  avoid  all  the  trivial 
stimuli  causing  itch  sensations. 

It  might  be  important  to  emi)hasize  that 
It  IS  not  the  microscopically  visible  ana¬ 
tomical  change,  the  breakdown  of  cells,  the 
accumulation  of  fluid,  or  cellular  infiltrates 
which  cause  spontaneous  itch.  One  out  of 
two  microscopically  indistinguishable  pap¬ 
ules  may  itch  while  the  other  does  not.  The 
irrelevance  of  the  anatomical  change  is  best 
illustrated  by  the  example  of  urticarial 
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wheals  caused  by  insect  bites.  Itching  starts 
before  the  wheal  develops  and  disappears 
before  the  whealing  has  subsided  (96).  Thus 
it  is  clear  that  it  is  not  pressure  of  the  fluid 
in  the  upper  corium  which  irritates  the  nerve 
endings.  This  view  was  confirmed  with  the 
advent  of  antihistaminic  drugs:  moderate 
suppressive  doses  of  such  drugs  often  pre¬ 
vent  itching  but  not  whealing. 

In  pathologically  altered  “itchy  skin”  I 
found  (95)  not  only  greatly  intensified, 
radiating,  and  prolonged  itching  on  ade¬ 
quate  and  inadequate  stimulation  but  also 
intensification,  i)rolongation,  and  radiation 
of  pain  sensations  following  needle  pricks. 
This  finding  seems  to  be  in  disagreement 
with  the  new  findings  of  Graham  et  al.  (50, 
51)  on  normal  skin,  indicating  that  hyper¬ 
algesia  and  itchy  skin  are  mutually  exclu¬ 
sive.  Of  course,  pathologically  altered  skin 
may  behave  differently  in  this  respect,  al¬ 
though  not  necessarily.  It  is  conceivable 
that  in  pathologically  altered  skin  also  there 
are  high  degrees  of  hyperalgesia  in  which 
itching  cannot  be  felt  because  pain  endings 
are  so  sensitive  that  even  the  slightest  stim¬ 
ulus  is  too  strong  for  creating  such  weak 
impulses  as  are  required  for  itch  elicitation. 
Such  pathological  states  seem  to  be  rare  in 
dermatology.  Possibly  some  phases  of  herpes 
zoster,  which  are  not  itchy  at  all  at  the 
height  of  hyperalgesia,  belong  here.  In  favor 
of  mutual  exclusiveness  of  pain  and  itch 
sensitivity,  it  could  also  be  said  that  itching 
states  are  usually  not  truly  painful,  irrespec¬ 
tive  of  the  intensity  of  the  process.  Still,  a 
severe  contact  dermatitis  might  occasionally 
cause  burning  pain,  with  no  desire  to  scratch 
but  with  a  tendency  to  withdraw  from 
touch.  Also,  all  sorts  of  oozing  dermatitides 
may  alternately  itch  or  burn.  The  difference 
seems  to  be  quantitative,  and  the  clinician  is 
familiar  with  transitory  states.  Possibly 
Itching  and  pain  hyperexcitability  are  mutu¬ 
ally  exclusive  in  secondary,  but  not  in 
primary,  hyperalgesia  (pp.  133  and  135). 

The  main  change  in  pathologically  al¬ 
tered  hyiieralgesic  and,  or  itchy  skin  seems 
to  be  a  qualitative  change  of  all  sensations 
toward  a  diffuse,  unpleasant,  nondiscrimina- 
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live,  and  explosive  type.  At  present,  this 
change  can  be  best  explained  by  impairment 
of  the  multiple  innervation  of  sensory  spots, 
which,  in  turn,  may  be  caused  by  damage  to 
the  tissues  around  the  endings  or  fibers 
(139,  138,  19,  20,  99). 

Spontaneous  itch  often  has  a  pricking 
character,  as  described  by  Brack  (24)  and 
Graham  et  al.  (51),  and  for  histamine  wheals 
by  Cormia  (27).  If  itching  is  elicited  in  itchy 
skin  by  touch  or  stroke,  the  sensation  usual¬ 
ly  lacks  the  pricking  component.  Thus  one 
may  speculate  that  the  chemical  substances 
which  are  formed  during  the  development 
of  itchy  skin  lesions  stimulate  both  b  and  C 
fibers  (153),  while  itchy  skin  represents  a 
hyperexcitability  of  C  fibers  only. 

Practically  speaking,  one  can  assume  that 
in  some  pathological  pruritic  states — for  in¬ 
stance,  in  pruritus  due  to  lymphoblastomas 
or  uremia — spontaneous  itch  is  present  all 
the  time  because  of  the  continuous  transport 
of  ^‘toxic”  substances  to  the  skin,  irritating 
the  nerve  endings  and  eliciting  low-grade 
impulses.  But  in  the  great  majority  of 
pruritic  conditions,  such  as  urticaria,  con¬ 
tact  dermatitis,  and  atopic  dermatitis,  it  is 
not  the  spontaneous  itch  but  the  state  of 
itching  hyperexcitability  which  creates  the 
soil  for  the  tormenting  itching-scratching 
cycle. 

The  most  classical  example  of  patho¬ 
logically  increased  itching  excitability  is 
lichenified  skin.  In  what  way  this  specific 
kind  of  thickened  skin  acquires  the  frighten¬ 
ing  state  of  abnormal  sensitivity  and  pro¬ 
motes  itching-scratching  paroxysms  is  not 
understood.  Possibly,  investigations  with 
W  eddell’s  methods  would  shed  some  light  on 
this  mechanism. 

N.  CHEMICAL  MF:DIATI0N  OF  ITCHING 
AND  PAIN 

The  theory  of  Thomas  Lewis  (69,  70)  that 
itching  and  urticarial  reaction  are  co¬ 
ordinated  phenomena,  both  produced  by 
release  of  ‘‘H-substance,”  has  been  spec¬ 
tacularly  confirmed  by  the  advent  of  anti- 
histaminic  drugs.  The  generalization  of 
Lewis’  theory,  however,  that  itching  in  ail 


instances  is  brought  about  by  the  release  of 
histamine  or  a  histamine-like  substance, 
cannot  be  accepted  because  there  .is  no  his¬ 
tamine-induced  itching  without  whealing. 
W  healing  can  be  elicited  with  a  very  low 
concentration  of  histamine  (1:1,000,000  or 
less),  which  still  does  not  cause  itching  (97). 
This  is  the  reason  why  small  doses  of  anti- 
histaminics  relieve  pruritus,  while  the  urti¬ 
caria  may  persist. 

Claims  for  therapeutic  effects  of  anti- 
histaminics  in  itching  conditions,  other  than 
those  of  the  erythemato-urticarial  group, 
are  hard  to  evaluate  because  of  the  pro¬ 
nounced  sedative  side  effects  of  many  anti- 
histaminics.  The  same  is  true  for  the  itch-re¬ 
lieving  effect  of  antihistaminics  by  local 
application:  many  of  them  have  a  local 
anesthetic  effect  independent  of  their  anti- 
histaminic  action. 

Not  only  in  the  domain  of  itching  but 
also  in  that  of  pain  sensation  it  was  assumed 
that  the  stimulus  does  not  act  directly  on 
the  receptor,  but  indirectly  by  liberating  a 
chemical  agent  from  the  surrounding  tissue. 
Von  Frey  (39,  41)  was  the  first  to  postulate 
such  an  event  because  of  a  frequently  ob¬ 
served  latent  period  in  pain  perception. 
After  setting  the  stimulus,  it  may  take  sev¬ 
eral  seconds  until  pain  is  perceived.  Such  a 
long  interval  could  not  be  explained  by  slow 
conduction  rates  (117).  Rein  (89)  assumed 
that  there  must  be  a  pain-mediating  chemi¬ 
cal  substance  deriving  from  cell  injury  be¬ 
cause,  when  pain  is  elicited  by  chemical 
agents,  van’t  Hoff’s  law  becomes  applicable: 
a  rise  in  temperature  of  10°  C.  doubles  the 
velocity  of  the  reaction.  In  a  series  of  publi¬ 
cations  Rosenthal  (92,  93,  90,  91)  attempted 
to  present  evidence  that  histamine  is  the 
pain-mediating  agent.  The  difficulty  in  ac¬ 
cepting  Rosenthal’s  interpretation  is  two¬ 
fold.  Pdrst,  concentrations  of  histamine 
which  cause  pain  are  far  above  the  jihysio- 
logically  occurring  concentrations,  and,  sec¬ 
ond,  cutaneous  pain  is  not  necessarily  ac¬ 
companied  by  whealing,  which  should  be 
the  case  if  histamine  were  responsible  for 
j)ain  (see  above). 

Recently,  Bing  and  Skouby  (15,  116) 
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demonstrated  a  considerable  lowering  in 


pain  thresholds  following  the  introduction 
of  mecholyl.  Skouby  (117)  found  that  simul¬ 
taneous  injection  of  acetylcholine  and  his¬ 
tamine  produced  distinct  pain  sensation 
when  concentrations  were  used  which  sepa¬ 
rately  did  not  evoke  any  sensation.  Thus 
the  possibility  remains  that  in  the  presence 
of  acetylcholine  and  by  virtue  of  its  “sensi¬ 
tizing”  action,  otherwise  subthreshold  con¬ 
centrations  of  histamine  may  mediate  pain 
sensations. 

The  possibility  that  pain  sensation  is 
mediated  by  liberation  of  potassium  ions 
from  injured  cells  was  discussed  by  Bommer 
(22)  and  by  Barany  (3).  A  “sensible  sub¬ 
stance”  isolated  from  posterior  roots  (and 
not  present  in  anterior  roots)  is  held  to  be  a 
chemical  mediator  by  Umrath  and  Hellauer 
(128).  This  substance  has  vasodilator  action 
but  is  not  identical  with  acetylcholine  (p. 
90).-' 

O.  ITCHING  AND  LOCAL  ANESTHETICS 

If  it  is  true  that  itching  is  caused  by  weak 
impulses  in  pain  libers,  local  anesthetics 
should  abolish  it  promptly  because  they 
paralyze  pain  sensations  first.  Actually,  itch¬ 
ing  is  prevented  and/'or  abolished  in  anal¬ 
gesic  skin  (97).  However,  the  practical  diffi¬ 
culties  in  combating  itching  by  local  anes¬ 
thetics  are  great.  Most  of  the  local  anes¬ 
thetics  are  potential  allergens,  their  effect  is 
temporary,  and  considerable  concentrations 
are  required  to  maintain  perfect  analgesia 
(110).  To  produce  analgesia  with  topically 
applied  anesthetics  is  difficult  or  impossible, 
because  the  penetration  of  most  commer¬ 
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cially  available  water-soluble  salts  of  local 
anesthetics  through  the  intact  skin  is  mini¬ 
mal,  as  contrasted  with  abraded  skin  and 
mucous  membranes  (55). 

P.  PAIN,  ITCHING,  AND  ELECTROLYTE 
SHIFTS 

Artificial  introduction  of  potassium  salts 
into  the  skin  is  exceedingly  painful.  An 
excess  of  potassium  in  the  interstitial  fluid 
was  thought  to  be  the  cause  of  burning  pain 
in  wounds  and  in  early  phases  of  inflamma¬ 
tion  (22). 

In  a  series  of  experiments  Konigstein 
(67,  68)  demonstrated  that  in  animals  the 
intracisternal  introduction  of  potassium 
salts  elicits  violent  scratch  paroxysms. 
Chemically  related  cations,  such  as  cesium 
and  rubidium,  had  similar  effects.  Am¬ 
monium  salts,  too,  were  effective,  but  their 
effect  could  be  counteracted  by  a  simul¬ 
taneous  injection  of  glutamic  acid,  which 
binds  ammonia  to  form  glutamine.  By  de¬ 
creasing  the  calcium  concentration  in  the 
cerebrospinal  fluid  by  the  addition  of  oxa¬ 
late,  phosphate,  or  citrate,  Konigstein  also 
obtained  scratch  paroxysms.  Intracisternal 
injection  of  calcium  salts  alleviated  par¬ 
oxysms,  no  matter  whether  they  were  elicit¬ 
ed  by  “cationic  shifts”  or  by  intracisternal 
injection  of  alkaloids,  such  as  morphine  or 
pilocarpine.  Magnesium  was  interchange¬ 
able  with  calcium  in  this  effect.  It  cannot  be 
decided  whether  scratch  paroxysms  actually 
indicate  itch  sensations,  but  they  probably 
do.  If  so,  in  Konigstein’s  experiments  itching 
probably  came  about  by  central  stimulation 
of  itching  pathways. 


4.  Recently,  in  a  careful  series  of  exnerin 
Armstrong,  Dry,  Keele,  and  Markham  sti 
chemical  excitants  of  pain  by  observing  their  ser 
effects  on  the  exposed  base  of  a  broken  cantha 
hhster  m  human  skin.  In  this  arrangement  th< 
ovvmg  materials  were  found  to  produce  pain 
Itching;  acetylcholine  chloride,  potassium  chic 
hypo-  and  hypertonic  saline  solutions,  sodium 
te,  acids  below  j)II3,  histamine  salts,  skin  extr 
and  the  content  of  inllammatory  blisters  (D 
R.  M.  L.  Dry,  C,  A.  Keele,  an^  W  A 
ham,  Observations  on  chemical  excitants  of  cul 
pain  in  man,  J.  Physiol.,  120:326-51,  1953 


Q.  ITCHING  OF  CENTRAL  ORIGIN  (97) 

Centrally  induced  itching  was  observed 
in  the  cat  after  intracisternal  injection  of 
morphine  (66,  97).  After  a  violent  scratch 
attack.  Itching  hyperexcitability  remained. 
I  his  Itching  was  purely  central;  it  was 
projected  also  to  areas  where  peripheral 
nerves  were  sectioned. 

In  human  beings  itching  evoked  without 
peripheral  impulses  has  been  observed  in 
c  iseases  of  the  central  nervous  system,  such 
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as  tabes,  dementia  paralytica,  and  more 
rarely  in  manic-depressive  psychosis,  idiocy, 
and  epilepsy.  However,  in  human  pathology 
purely  central  itching  without  any  periph¬ 
eral  event  seems  to  be  altogether  rare.  How¬ 
ever,  the  e.xcitability  of  the  sensory  centers 
greatly  influences  the  intensity  of  any  kind 
of  peripherally  induced  itching.  If  the  itch¬ 
ing  is  not  very  intense,  the  attention  can  be 
diverted  from  it  (143).  On  the  other  hand, 
merely  imagining  the  presence  of  biting  in¬ 
sects  may  p^rovoke  itching  and  scratching  in 
centrally  hypersensitive  individuals.  This 
may  be  an  accentuation  of  physiological 
(minimal)  pruritus. 

Pharmacologically,  caffeine  and  the  drugs 
of  the  benzedrine  group  intensify  the  central 
perceptibility  of  itching  (96),  while  all  the 
depressants  of  the  central  nervous  system, 
except  the  opiates,  have  a  depressing  effect 
on  itch  perception.  The  effect  of  barbitu¬ 
rates,  bromides,  chloral  hydrate,  and  acetyl- 
salicylic  acid  are  empirically  well  known  but 
experimentally  not  quantitated. 

Morphine  and  the  related  derivatives  of 
opium,  the  most  effective  drugs  for  central 
relief  of  pain,  do  not  decrease  itching  sensi¬ 
tivity  but,  on  the  contrary,  usually  increase 
it.  In  morphine-induced  deep  sleep,  scratch 
movements  can  often  be  observed  in  pa¬ 
tients  with  itching  skin  diseases.  Morphine 
has  an  itch-provoking  effect  on  the  periph¬ 
ery  and  on  subcortical  centers  (66).  This  be¬ 
havior  is  reminiscent  of  the  observation  that 
thalamic  pain  is  not  alleviated  by  morphine. 
It  is  possible  that  depression  of  the  cortex  by 
opiates  accentuates  thalamic  activity.  I  he 
inhibitory  effect  of  the  frontal  cortex  on 
scratch  movements  was  shown  experimen¬ 
tally.  If  the  inhibition  is  released,  scratch 
movements  become  more  violent  (2vS).  As 
mentioned  before,  scratch  movements  do 
not  necessarily  indicate  itching,  but  they 
probably  do. 

R.  SYMPTOMATIC  RELIEF  OF  ITCHING 
EXCITABILITY  IN  MAN 

Relief  of  itching  excitability  in  man  can 
be  attempted  by  measures  acting  centrally 
and  peripherally.  Among  centrally  acting 


agents  barbiturates  are  probably  most  ef¬ 
fective,  because  they  act  on  the  brain  stem, 
where  itching  sensations  are  integrated.  If 
itching  excitability  has  been  increased  by 
conscious  psychic  conflicts  (27),  bromides 
acting  on  the  cortex  may  bring  relief  (97). 
Acetylsalicylic  acid  and  other  anti{)yretics 
decrease  the  central  percei)tion  of  pain  (144) 
and,  as  empirical  experience  indicates,  of 
itching  also.  The  use  of  chloral  hydrate  and 
paraldehyde  is  based  merely  on  practical 
experience. 

Peripheral  measures  can  be  classified  in 
two  groups.  First,  we  try  to  keep  the  patient 
as  free  as  j)ossible  from  external  stimuli 
which  may  start  an  itch  attack.  And,  sec¬ 
ond,  we  attemj)t  to  decrease  the  state  of  hy¬ 
perexcitability.  Concerning  the  first  point, 
if  the  patient  is  in  bed,  the  bed  linen  should 
be  smooth,  light,  and  not  too  warm.  If  he  is 
uj),  his  clothing  should  be  carefully  chosen 
with  a  view  to  avoiding  tight  and  roughly 
woven  garments,  especially  woolen  ma¬ 
terials,  which  may  irritate  mechanically. 
Undressing  always  brings  about  a  series  of 
external  stimuli,  such  as  a  sudden  release  of 
pressure  and  changes  in  temi)erature.  Even 
persons  with  normal  skin  and  with  no  itch¬ 
ing  hyperexcitability  often  experience  itch¬ 
ing  when  they  undress,  and  they  scratch  for 
a  while.  'Fhe  same  situation  leads  to  dis¬ 
astrous  spells  in  itching  patients,  if  the  cloth¬ 
ing  has  been  too  tight  and  if  the  room  is  too 
hot  or  too  cold  (98).  Special  jirecautions  are 
observed  in  jnuritus  ani  and  vulvae  in  order 
to  avoid  any  rubbing  while  cleaning  the  anus 
after  bowel  movements  (109). 

One  may  succeed  partially  in  keejiing 
away  external  stimuli  by  covering  the  skin 
with  wet  iiacks,  lotions,  liniments,  pastes, 
and  ointments.  However,  one  has  to  choose 
a  suitable  type  of  application  and  su{)ervise 
its  removal  and  reapplication.  1  he  remo\  ing 
of  old  layers  of  ointments,  etc.,  involves  the 
danger  of  noxious  stimulation  and  may  start 
a  new  itching  attack.  Overdrying  of  lotions, 
pastes,  and  ointments  is  another  danger. 
One  has  to  know  how  fast  external  ai)i)lica- 
tions  dry  out  on  the  skin  and  to  time  their 
change  accordingly.  W'et  dressings  have  to 
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l)e  changed  every  5-10  minutes,  lotions  must 
be  rep)ainted  on  the  skin  every  4-6  hours; 
and  pastes  must  be  changed  at  least  twice 
daily.  Cleansing  should  be  done  with  cau¬ 
tious  {)atting  movements,  never  with  rub¬ 
bing,  and  one  should  not  attemi)t  to  remove 
the  old  layer  completely  (100,  90). 

Attempts  to  decrease  itching  hyper¬ 
excitability  often  coincide  with  the  attemi)ts 
to  treat  the  skin  lesions  symptomatically. 
In  acute  inflammatory  {)rocesses,  vasocon¬ 
striction  by  cooling  ai){)lication,  wet  dress¬ 
ings,  and  lotions  brings  about  sup)iJression  of 
the  inflammatory  reaction  and  thereby  de¬ 
creases  itchiness.  In  chronic  dermatitis  with 
licheniflcation  any  measure  which  reduces 
lichenification,  such  as  X-ray  irradiations  or 


apfflication  of  tar  preparations,  wall  also  re¬ 
duce  itching  hyperexcitability.  The  lesion 
does  not  cause  spontaneous  itch  but  does 
cause  itching  hyi)erexcitability.  The  effect  of 
X-ray  irradiation  on  itching  thresholds  and 
itching  excitability  in  lichenified  skin  was 
demonstrated  quantitatively  by  Cormia 
(27).  In  normal  skin  such  effects  cannot  be 
demonstrated  (79). 

In  my  experience  the  systemic  adminis¬ 
tration  of  adrenocorticotropic  hormones  and 
of  cortisone  does  not  decrease  the  intensity 
of  itching  sensation  as  long  as  the  underlying 
disease  is  not  markedly  influenced.  This 
experience  is  based  on  observations  of  pa¬ 
tients  with  p)ruritus  caused  by  malignant 
lymphoblastomas. 


III.  THERMAL  SENSITIVITY 


d'he  assignment  of  cold  spots  to  Krause’s 
end-bulbs  and  that  of  warmth  spwts  to  Ruf- 
fini’s  cylinders  (p.  123),  as  originally  pro¬ 
posed  by  von  Frey  (42),  is  now  accep)ted  by 
many  authors  mainly  on  the  basis  of  Bazett’s 
work  (4).  His  evidence  has  been  that  the 
number  of  Krause’s  end-bulbs  and  of 
Ruffini’s  cylinders  is  just  about  the  same  as 
the  number  of  cold  and  of  warmth  sp)ots, 
resp)ectively,  in  a  given  surface  are.  How¬ 
ever,  direct  p)roof  of  this  relationship)  by 
mapping  out  cold  and  warmth  sp)ots  and 
demonstrating  the  end-organs  just  below 
the  sp)ots  histologically  has  not  been  p)re- 
sented  (65,  82),  with  one  remarkable  excepj- 
tion.  A\eddell  (135)  found  two  group)s  of 
Krause’s  end-bulbs  just  below  a  cold  sp)ot 
which  was  marked  by  India  ink  on  the  hu¬ 
man  forearm.®  Cdomus  bodies  (46)  and  free 
nerve  endings  (65)  were  also  thought  to 
mediate  temp)erature  sensations. 

By  measuring  skin  surface  temp)eratures 
and  temi)eratures  in  various  dep)ths  of  the 
skin  by  needle  thermocoup)les  on  the  fore¬ 
arm,  Bazett  and  McCllone  (6)  were  able  to 
measure  the  thermal  gradients  within  the 


.■>.  The  significance  of  this  single  finding  vn 
questioned  lately  l,y  Weddell  himself  and  his  as' 
ciates  when  they  stated  it  could  have  been  due' 
mere  coincidence  (see  n.  1,  ]>.  125) 


skin  (Fig.  12).  They  found  that  the  temp)era- 
ture  of  the  skin  rose  sharp^ly  from  the  outer 
surface  of  the  epjidermis  toward  the  up3p)er 
p)art  of  the  corium.  The  p)eak  of  temp)erature 
ap)parently  correspjonded  to  the  superficial 
(subp3ap)illary)  arterial  p)lexus.  There  fol¬ 
lowed  a  fall  of  temp)erature  in  the  middle  and 
lower  corium,  probably  because  of  a  scarcity 
of  blood  vessels  there.  There  was  a  rise  in 
tempjerature  at  the  dermal-subdermal  junc¬ 
tion,  probably  coincident  with  the  site  of 
the  deep  vascular  pflexus.  In  flushed  skin 
with  the  skin  surface  warmer,  the  gradient 
in  the  outer  layer  was  greatly  reduced,  but 
the  general  shapje  of  the  curve  of  gradients 
was  the  same  as  in  normal  skin. 

The  relatively  deep)  position  of  warmth 
receptors  as  contrasted  with  the  sup)erficial 
site  of  cold  end-organs  (see  p.  123)  was 
demonstrated  by  Bazett  (4)  on  the  male 
p)rep)uce.  He  p)laced  a  thermocoup)le  on  one 
side  of  the  prepmee  and  thermally  stimu¬ 
lated  the  other  side.  By  correlating  changes 
m  temp)erature  of  the  skin  with  the  time 
and  the  temp)eratures  at  which  the  sub¬ 
jects  reported  thermal  sensations,  the  dep)th 

of  thermal  recep)tors  could  be  well  estab¬ 
lished. 

Bazett  (4)  p)rop)osed  the  now  generally 
accep)ted  thesis  that  excitation  of  thermal 
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receptors  occurs  when  the  normal  gradients 
of  the  skin  are  altered  by  thermal  stimuli. 
Cold  receptors  are  stimulated  when  the  cold 
stimulus,  by  cooling  the  surface,  causes  an 
augmentation  of  the  steep  gradient  in  the 
superficial  layers  (Fig.  12).  Warmth  stimuli 
reverse  this  gradient  by  raising  the  surface 
temperature  higher  than  the  temperature  at 
a  depth  of  1-3  mm. 

Bazett’s  concept  has  been  substantiated 
in  many  respects:  (1)  The  latent  period  of 
warmth  sensations  is  longer  than  that  of 


dient  while  the  warmth  stimulus  must  over¬ 
come  and  reverse  the  gradient.  (3)  Adapta¬ 
tion  to  warmth  is  more  rapid  than  that  to 
cold,  because  warmth  receptors,  lying  deep, 
are  more  protected  by  vascular  reactions. 
(4)  Similarly,  warmth  spots  when  mapped 
on  the  skin  surface  are  found  to  be  less  stable 
than  cold  spots,  because  they  are  more 
directly  affected  by  vascular  reactions  (82). 
Still,  as  mentioned  before,  density  of  cold 
si:)ots,  too,  may  change  considerably  with 
changing  skin  surface  temperature.  In  his 
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Fig.  12.— Thermal  gradients  of  the  skin.  The  solid  line  is  for  measurements  taken  when  the  skin  was 
flushed  with  blood,  and  the  broken  line  is  for  normal  skin.  The  temperatures  are  the  differences  between  the 
temperature  of  the  surface  of  the  skin  and  that  of  the  skin  at  various  depths.  The  probable  positions  of  the 
cold  receptors  and  warm  receptors  are  indicated.  Notice  how  they  are  related  to  thermal  gradients  (By  per¬ 
mission  from  Physiological  psychology  by  C.  T.  Morgan  and  E.  Stellar.  Copyright,  1950.  McGraw-Hill 

Book  Company,  Inc.) 


cold  sensations  because  of  the  greater  depth 
of  warmth  receptors.  (2)  The  threshold  for 
cold  sensation,  as  measured  by  temperature 
change  increments,  is  less  than  that  for 
warmth,  because  cold  sensation  is  produced 
merely  by  exaggeration  of  the  thermal  gra- 


latest  work  Bazett  (5),  in  order  to  explain 
certain  discrepancies  in  the  mechanism  of 
thermoregulation  in  response  to  external 
heat  and  to  muscular  exercise,  postulated  a 
second  set  of  warmth  receptors  deep  down 
at  the  dermal-subdermal  junction  (p.  248). 


IV.  TOUCH  AND  PRh 

The  main  justification  for  attributing 
sensations  of  touch  and  i)ressure  to  special 
neural  mechanisms,  separate  from  those  of 
pain,  itching,  and  tickle,  is  their  separate 
central  pathway.  Sensations  of  pain,  itching, 
and  tickle  are  absent  in  patients  with  lesions 
of  the  anterolateral  tract,  while  touch  sensa¬ 
tions  are  intact  (12).  However,  Bishop  (19, 
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20)  maintains  that  from  the  very  same 
nerve  endings  nondescript  contact  sensa¬ 
tions,  “unpainful  pain,”  itching,  and  frank 
pain  can  be  elicited.  Thus,  whether  the 
touch  and  pressure  points  are  the  only  ones 
to  mediate  these  sensations  is  still  under  dis¬ 
cussion.  . 

Von  Frey  (42)  championed  the  idea  oi  a 
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specific  ^^sense  of  deformation  with  a  spe¬ 
cific  neural  mechanism.  He  found  that 
thresholds  and  intensities  of  tactile  sensa¬ 
tions  depend  on  the  degree  and  velocity  of 
deformation.  He  insisted  that  there  must  be 
specific  receptors  (encapsulated  end-organs) 
for  transforming  the  deforming  energy,  be¬ 
cause  the  threshold  deformation  stimulus 
for  the  touch  sense  involved  about  10,000 
times  smaller  energies  than  were  required 
when  the  nerve  was  stimulated  directly.  In 
contrast.  Bishop  (20)  found  that  free  epi¬ 
dermal  nerve  endings  do  mediate  touch 
sensation.  In  his  presentation,  deformation 
may  elicit  touch  or  prick  or  pain  according 
to  the  curvature  of  the  deforming  object  and 
thus  according  to  the  shape  of  the  deforma¬ 
tions. 

Von  Frey  (42)  emphasized  that  pressure 
and  pull  as  well  as  decompression  (recovery 
from  the  deformation)  elicit  identical  sensa¬ 
tions.  Touch  thresholds  are  dependent  on 
adequate  circulation,  a  finding  more  re¬ 
cently  confirmed  by  Weitz  (140,  141). 

Topographically,  Von  Frey  found  that 
touch  points  could  be  assigned  to  each  hair. 
He  gave  the  following  account  (42):  In 
young  people  the  density  of  hair  and  of 
touch  points  is  identical.  Although  with  ag¬ 
ing  the  number  of  hairs  decreases,  the  loss 
of  hair  is  not  necessarily  connected  with  loss 
of  the  sense  organs.  Nerve  fibers  reach  the 
hair  in  two  places:  at  the  level  of  the 
hair  papilla  and  at  the  narrowed  neck  of 
the  shaft.  Microsurgical  e.xperiments  (121) 
proved  that  the  papillary  fibers  are  nonsen¬ 
sitive  to  touch  and  pressure.  Therefore,  the 
fibers  around  the  neck  of  the  shaft  must  be 
responsible.  These  fibers  form  a  plexus 
which  surrounds  the  glass  membrane  and 
enters  the  external  root  sheath.  Some  of 
these  fibers  end  in  cells  of  the  character  of 
Merkel’s  touch  cells. 

^  hile  touch  thresholds  do  not  vary  much 
in  different  body  areas,  the  density  of  touch 
^^"^tly  according  to  region 
(42).  There  are  300  jier  square  centimeter  on 
the  Scalp  and  only  /  on  the  leg. 

While  the  majority  of  touch  recejitors  are 
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attached  to  nerve  fibers  around  the  hair,  it  is 
obvious  that  there  must  be  receptors  en¬ 
tirely  independent  of  these  appendages. 
Progressing  distally  on  the  volar  aspects  of 
the  extremities  to  the  nonhairy  palmar  and 
plantar  surfaces,  the  density  of  touch  points 
increases  gradually  and  rapidly.  Per  square 
centimeter.  Von  Frey  (42)  counted  15  in  the 
middle  of  the  forearm,  40  on  the  wrist,  more 
than  100  on  the  thenar,  and  found  them  so 
dense  on  the  fingertips  that  counting  became 
imjrossible.  Meissner’s  tactile  corpuscles 
were  held  by  Von  Frey  to  be  the  touch  re¬ 
ceptors  of  the  nonhairy  skin  (42). 

While  it  is  true  that  these  corpuscles  oc¬ 
cur  mainly  on  the  nonhairy  parts,  there  are 
touch  points  also  between  hairs.  There¬ 
fore,  it  is  hard  to  understand  von  Frey’s 
thesis  that  in  hairy  regions  no  other  end- 
organs  than  those  of  the  pilar  system  medi¬ 
ate  touch.  As  a  matter  of  fact.  Bishop  (16) 
found  that  the  quality  of  touch  sensation  is 
different  according  to  whether  it  is  elicited 
from  a  hair  or  from  the  skin  between  fol¬ 
licles.  Thus  the  equal  numbers  of  touch 
spots  and  hairs  in  hairy  skin  as  found  by 
von  Frey  remain  une.xplained.  Possibly, 
when  von  Frey  minutiously  established  the 
thresholds  of  touch  sensations  of  hairs,  the 
interfollicullar  touch  points  with  higher 
thresholds  remained  undiscovered.  Hairs, 
acting  as  levers,  intensify  the  deformation 
of  the  tissue  and  thereby  may  lower  the 
threshold  of  sensation. 

In  the  modern  view  (104),  Meissner’s 
corpuscles,  nerve  terminals  around  the 
sheaths  of  hair,  and  Alerkel’s  touch  cells  are 
thought  to  mediate  touch  sensations,  while 
Pacinian  corjmscles  and  Golgi-Mazzoni 
endings  are  assigned  to  pressure.  It  seems 
that  fine  nerve  fibers  arising  from  the  neuro- 
fibrdlae  of  Meissner’s  corpuscles  may  pass 
into  the  epidermis  and  there  form  Merkel’s 
disks  (150),  so  that  possibly  these  two  touch 
organs  are  connected  with  each  other  and  do 
not  necessarily  serve  separate  touch  points. 
n,e  role  of  the  “hair  disks.”  nerve  elements 
discoveretl  by  F.  Pinkus  (84),  in  eutaneous 
sensations  has  not  been  investigated. 
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1.  STRUCTURE  OF  ECCRINE  AND  Al'OCRlNK  OLANDS 


The  physiology  of  the  eccrine  and  a])o- 
crine  glands  will  be  discussed  separately 
because  of  their  different  physiological  func¬ 
tions.  Eccrine  glands,  or  the  “small  sweat 
glands,”  are  distributed  all  over  the  surface 
of  the  body  in  man.  They  are  tubular  coil 
glands  situated  at  the  border  of  subdermis 
and  dermis  (Fig.  1).  Embryologically,  they 


1.— Coil  and  duct  of  sweat  gland,  with  a 
cross-section  of  each  and  their  arterial  blood  suppb  . 
From  Lobitz  and  Mason  (109).  (Reproduced  by 
permission  of  Dr.  Lobitz  and  the  American  Medical 
.Vssociation.) 


derive  from  the  surface  epithelium.  As  they 
extend  downward  and  reach  the  subdermal 
fat,  they  coil  because  they  cannot  j)enetrate 
deeper  (135).  About  half  the  coil  consists 
of  secretory  epithelium,  and  half  of  it  is  duct. 
The  two  [)arts  can  be  distinguished  histo¬ 
logically.  Both  have  two  layers  of  eidthelial 
cells,  but  the  duct  cells  are  about  equal  m 
size  in  both  layers,  while  the  secretory  part 
has  a  luminal  row  of  large  light  cells  with 


lightly  stained  nuclei  (secretory  cells)  and  a 
distal  layer  of  flat  cells  with  small,  darkly 
stained  nuclei  (myoepithelia?).  The  duct 
ascends  as  a  fairly  straight  tubule  of  equal 
diameter  with  no  branches  and  no  blind  sacs 
(43).  In  the  upper  epidermal  portion,  how¬ 
ever,  it  forms  a  sjiiraling  coil  reminiscent  of 
tubular  nephrons  (178).  Its  opening  on  the 
surface  is  not  related  to  the  papillary  and 
epidermal  ridge  systems  (8d)  or  to  the  open¬ 
ings  of  the  hair  follicles  (135).  There  is  no 
anastomosis  between  neighboring  ducts 
(57).  Each  gland  is  a  separate  unit 
(Fig.  2). 

The  ajwcrine  glands,  or  “large  sweat 
glands,”  do  not  occur  over  the  whole  body 
surface  in  man.  They  are  found  in  the  axil¬ 
lae,  perimammillary  regions,  mid-line  of  ab¬ 
domen,  mons  pubis,  perigenital,  perineal, 
and  perianal  areas  (54,  194),  in  the  external 
ear  canal  (121),  and  in  the  nasal  vestibule  as 
appendages  of  the  vibrissae  (6).  1  he  anoma¬ 
lous  occurrence  of  heterotopic  apocrine 
glands  was  reported  by  Szodoray  (180). 
.Apocrine  glands  derive  from  the  follicular 
epithelium  of  the  hair  (Fig.  3)  and  open  into 
the  follicular  canal  or  follicular  pore.  They 
are  larger  than  the  eccrine  glands,  and  their 
secretorv  coil  is  seated  in  the  subdermis. 
The  duct  is  wider  and  more  tortuous  dian 
that  of  eccrine  glands  (Fig.  4).  The  micro¬ 
scopic  structure  of  apocrine  and  eccrine 
glands  is  similar,  but  the  muscular  ele¬ 
ments  are  more  developed  in  the  apocrine 
glands. 

While  eccrine  glands  are  true  secretory 
(merocrine)  glands,  producing  the  clear 
aciueous  sweat  responsible  for  heat  regula¬ 
tion  the  nature  and  function  of  apocrine 
glands  is  still  under  discussion.  Phyloge- 
netically,  the  ajiocrine  glands  are  much 
older  than  the  eccrine  glands.  The  distribu¬ 
tion  of  eccrine  glands  over  the  whole  body 
surface  is  found  only  in  the  human  race, 
while  the  apocrine  system  has  become  rudi¬ 
mentary  in  man  (j).  ESO). 
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Tig.  2.  Eccrine  glands.  Each  gland  is  a  separate  unit.  From  Pinl  us  (135).  (Rej)roduced  In  i)crmission 
of  Springer-\'erlag.) 
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II.  INSENSIBLE  ECCRINE  S\VE.\T  SECRETION 
AND  ITS  PERIODICITY 


If  the  environmental  temperature  rises 
above  a  critical  level,  between  31°  and  32°  C. 
(or  88°  and  90°  I'.),  there  is  a  more  or  less 
sudden  outbreak  of  visible  sweating  over 
the  whole  body  surface  of  man.  A  similar 
general  sweat  outbreak  is  observed  if  only 


Fig.  4.— Apocrine  gland.  Drawing  of  a  wax 
model.  R,  ring  formation;  a,  sacculations;  6  and  c, 
blind  sacs;  d,  long  blind  sac;  *  beginning  of  duct. 
From  G.  Sperling,  Form  der  apoknnen  Haardrusen 
des  Menschen,  Ztschr.  f.  mikro.-anat.  borsch 
38:241-52,  1935.  (By  permission  of  Akatl.  veriag 
Geest  &  Portig  K.G.) 

parts  of  the  body  surface  are  heated.  This  is 

called  “reflex  sweating.” 

At  environmental  temperatures  below  the 
critical  temperature  of  reflex  sweating,  the 
sweat  glands  secrete  microscopically  visible 
sweat  droplets.  This  grossly  invisible  func¬ 


tion  is  periodic  and  involves  alternating 
groups  of  sweat  glands,  as  was  first  demon¬ 
strated  by  Jiirgensen  (71,  72,  73,  74)  by  di¬ 
rect  microscopic  observation.  The  droplets 
are  invisible,  not  only  because  they  are 
small,  but  also  because  as  soon  as  they  ap- 
jiear  on  the  surface  they  immediately  evapo¬ 
rate.  This  insensible  sweat  secretion  con¬ 
stitutes  one  part  of  the  total  insensible  water 
loss.  The  other  part  is  loss  of  water  through 
the  epidermis,  which  is  independent  of 
glandular  function.  If  the  total  insensible 
water  loss  is  measured  at  average  room 
temperatures  in  normal  individuals  before 
and  after  atropinization,  it  is  found  that 
atropinization  decreases  it  by  10-30  per 
cent  of  its  original  value.  Atropine  blocks 
sweat-gland  function  but  does  not  influence 
transepidermal  water  loss,  as  can  be  demon¬ 
strated  in  patients  with  multiple  ectodermal 
dysplasia.  The  insensible  water  loss  in  these 
patients,  who  have  no  or  only  very  few  ec- 
crine  glands,  is  not  influenced  by  atropiniza¬ 
tion  (34)  (see  also  chap.  9). 

Observing  single  glands  at  comfortable 
temperatures  over  longer  periods  of  time, 
Kuno’s  group  (90)  found  the  alternate  func¬ 
tioning  of  glands  confirmed.  However,  some 
glands  were  active  more  frequently  than 
others,  and  some  secreted  sweat  more  con¬ 
tinuously  than  others.  In  one  case  the 
observations  were  made  on  twenty-nine 
glands.  Three  were  always  active,  twenty 
show'ed  varied  secretory  responses,  and  six 
never  responded. 

Excitation  of  sw'eating  by  heat  or  exer¬ 
cise  brings  about  primarily  an  increase  m 
the  number  of  functioning  glands  (90,  146, 
147).  As  the  intensity  of  the  stimulus  in¬ 
creases,  the  output  of  single  glands  will  also 
increase  (90,  146,  147).  It  appears  that  the 
output  of  single  glands  depends  on  the  in¬ 
tensity  of  stimulation  (90). 

ddie  periodicity  in  the  function  of  single 
sweat  glands  was  studied  most  frequently 
on  the  palmar  surface  of  fingers  but  can  be 
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demonstrated  also  on  other  parts  of  the 
body,  e.g.,  dorsa  of  fingers  and  forearms 
(138).  Kuno  (90)  found  the  periodicity  of 
the  palmar  aspects  of  lingers  to  be  more 
regular  than  that  of  the  dorsal  asfiects;  and 
he  thought  that  the  presence  of  “secretion 
beakers”  (Sekretbcchcrs)  on  the  jialmar  sur¬ 
face  might  promote  periodicity,  whereas  on 
the  dorsal  surface,  where  these  orilicial  dila¬ 
tations  are  not  present,  sweat  flows  away 
more  rapidly  and  more  irregularly.  Periodic¬ 
ity  at  low  temperatures  was  demonstrated 
by  Takahara  (181)  after  cannulation  of  sin¬ 
gle  sweat  glands  on  human  palms.  There  are 
periods  of  a  few  minutes  of  inactivity,  al¬ 
ternating  with  fairly  uniform  discharges,  as 
demonstrated  in  Figure  5,  in  which  the 
movements  of  the  fluid  meniscus  in  the 
capillary  cannula  are  recorded.  In  resfxmse 
to  repeated  uniform  stimulation  of  the  same 
areas,  the  same  glands  do  not  always  react 
first,  though  some  are  more  frequently  ac¬ 
tive  than  others.  Between  20°  and  27°  C. 
atmospheric  temjierature,  Randall  (138) 
found  no  sweat  gland  on  the  human  forearm 
which  would  secrete  continuously  for  longer 
than  45  seconds.  With  increasing  room 
temperature,  the  resting  interval  between 
secretory  phases  shortened,  and  a  greater 
number  of  sweat  glands  functioned  simul¬ 
taneously.  \\  hen  the  air  was  gradually 
heated  to  the  critical  temperature  of  general 
reflex  sweating,  the  principal  waves  occurred 
at  intervals  of  from  15  to  25  minutes.  Ran¬ 
dall  (138)  assumed  that  the  periodicity  of 
s\\  eat  secretion  is  caused  by  a  periodicity  of 
central  nerve  impulse  discharges,  and  Kuno 
(90)  noted  that  in  reflex  sweating  the  waves 
occur  approximately  simultaneously  with 
vasomotor  tonus  waves.  The  relation  of 
vasomotor  impulses  to  periodic  sweating  in 
different  regions  was  studied  by  Franke 
Randall,  Smith,  and  Hertzman  (37). 

\\  ith  the  modern  method  of  infrared  gas 
analysis,  by  which  water-vapor  concentra¬ 
tion  can  be  continuously  recorded  in  an 
oxygen  atmosifliere,  Albert  and  Palmes 
(  '51,  ;!,  ^)  came  to  the  same  results:  at  low 
sweating  rates,  there  is  a  pulsatile  rhythm  of 
sweat  secretion  in  the  form  of  single  bursts. 


At  moderate  sweating  rates,  the  average 
frequency  is  6  to  7  bursts  per  minute.  At 
high  sweating  rates,  the  frequency  and  am¬ 
plitude  of  pulsations  is  damped.  With  simul¬ 
taneous  measurements,  these  authors  have 
shown  that  the  pulses  are  synchronous  in 
different  regions,  and  therefore  they  con¬ 
sider  that  the  periodicity  originates  from  a 
central  stimulus.  Periodicity  of  thermal 
sweating  cannot  be  observed  if  heating  is 
sudden  and  severe.  Neither  is  there  any 
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I'lG.  5.  A,  discharge  of  sweat  from  a  single 
sweat  gland  of  the  palm  (secretion  at  rest).  Time 
marking  indicates  5  seconds  (Takahara).  B,  dis¬ 
charge  of  sweat  from  a  single  sweat  gland  of  the  palm 
during  the  grasjiing  of  a  dynamometer.  Time  mark¬ 
ing  indicates  5  seconds  (Takahara).  Modified  from 
Kuno.  From  Lobitz  and  Mason  (109).  (Reproduced 
by  iiermission  of  Dr.  Lobitz  and  the  American 
Medical  Association.) 
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applied  intensely  and  continuously  (90). 

Lobitz  and  Mason  (109)  were  the  first  ob¬ 
servers  to  demonstrate  that  the  composition 
of  sweat  is  different  according  to  whether 
the  secretion  is  slow  (“intermittent”)  or 
fast  (“profuse”).  They  found  that  most 
constituents,  such  as  chlorides,  urea,  uric 
acid,  and  ammonia,  are  much  more  con¬ 
centrated  m  the  sweat  which  is  secreted 

profusely  secreted 
s^^eat.  They  interpreted  this  finding  by  as¬ 
suming  that  m  intermittent  slow  secretion 

If  ^I^P^^tunity  for  reabsorption 

of  ^^ater  from  the  ducts  (p.  190).  Like 
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Takahara  (181),  they  observed  sweat  drop¬ 
lets  rising  and  falling  in  the  ducts  when  the 
sweat  stimulus  was  weak  and  thought  that 
this  was  due  to  a  combination  of  secre¬ 
tion  and  smooth-muscle  contraction  (lOd). 
Randall  and  McClure  (146,  139)  estimated 
the  average  output  of  single  sweat  glands  at 


rest  and  in  a  warm  environment  to  be  3.7- 
4.3  7  per  minute  on  arms  and  legs,  and 
2-3  7  per  minute  on  dorsa  of  hands  and  feet. 
On  mild  exercise,  first  the  number  of  func¬ 
tioning  glands  increases,  but  later  there  is 
also  an  increased  output  of  individual 
glands. 


in.  NUMBER,  REGIONAL  DISTRIBUTION,  .\ND 
ACTIVITY  OF  ECCRINE  GL.\NDS 


The  total  number  of  sweat  glands  in  a 
normal  adult  was  estimated  by  Krause  (85) 
to  be  2.38  million.  According  to  the  research 
group  of  Kuno  (90)  and  of  Kawahata  (77), 
they  are  certainly  well  over  2  million  in 
number. 

Per  unit  surface  area,  palms  and  soles 
have  by  far  the  most  sweat  glands,  viz., 
about  twice  as  many  as  forehead,  forearms, 

TABLE  1 

Distribution  of  Eccrine  Gl.\nus 
IN  Man  (85) 


(Figures  Indicate  Number  of  Sweat  Glands  per 
Square  Inch  of  Surface  Area) 


Palms . 

2,756 

Dorsa  of  feet  . 

924 

Soles . 

2,685 

Thigh  and  leg. 

Dorsa  of  hands. 

1,490 

medial  aspect 

576 

Forehead . 

1 , 258 

Thigh,  lateral 

Chest  and  abdo- 

aspect . 

554 

men . 

1,156 

Cheek . 

548 

Forearm 

Nape  of  neck 

417 

Flexor  aspect 

1,125 

Back  and  but- 

Extensor  as- 

locks . 

41 7 

pect . 

1,095 

or  dorsa  of  hands,  which  rank  next  to  palms 
and  soles.  Upi)er  extremities  have  about 
twice  as  many  as  lower  extremities,  and 
there  are  twice  as  many  sweat  glands  on  the 
frontal  aspect  of  the  trunk  as  there  are  on 
the  back.  The  old  figures  of  Krause  (85) 
(Table  1)  on  regional  distribution  have  been 
confirmed  by  Jajtanese  authors,  with  some 
additional  data  on  racial  differences.  ^  c 
cording  to  Yamada  (201 ),  the  Japanese  have 
relatively  more  sweat  glands  on  the  extremi¬ 
ties  than  on  the  trunk,  whereas  this  relation 

is  reversed  in  Germans. 

Physiologically,  of  course,  sweating  abil¬ 


ity  is  not  simply  a  function  of  the  density  of 
sweat  glands  but  also  depends  on  the  size  of 
the  glands  (196),  on  the  output  of  individual 
glands,  and  on  the  responsiveness  to  differ¬ 
ent  stimuli,  which,  in  turn,  depends  on  the 
conditioning  of  the  nervous  pathways. 

In  Ikeuchi  and  Kuno’s  account  (61),  the 
order  in  which  sweat  glands  of  different 
areas  respond  to  thermoregulatory  stimula¬ 
tion  (at  39°-40°  C.  and  90  per  cent  humid¬ 
ity)  is  as  follows:  (1)  strong  and  early  re¬ 
sponse  from  forehead,  neck,  anterior  and 
posterior  aspects  of  trunk,  dorsa  of  hands, 
and  adjoining  parts  of  forearms;  (2)  con¬ 
siderably  less  response  from  cheeks,  lateral 
aspects  of  trunk,  and  greater  parts  of  ex¬ 
tremities;  (3)  little  sweating  on  medial  as¬ 
pects  of  thighs,  less  in  axillae,  and  least  on 
palms  and  soles.  Ui)per  extremities  sweat 
more  than  lower  extremities,  and  whereas  on 
the  ui)per  extremities  sweating  ability  in¬ 
creases  in  the  distal  direction,  the  oj)]iosite 
is  true  for  the  lower  extremities. 

Kuno  (90)  speculated  that  this  regional 
distribution  may  be  purposeful.  There  is 
little  thermal  sweating  where  there  is  little 
chance  for  evaporation,  e.g.,  medial  asjiects 
of  thighs  and  axillae.  More  sweat  might  be 
l)roduced  on  the  head  than  on  the  extremi¬ 
ties  because  the  extremities  have  a  larger 
surface  as  related  to  mass  and  therefore 
have  more  chance  to  lose  heat  by  radiation 
and  convection  and  are  not  so  much  in  need 
of  evajiorative  heat  loss. 

'Fhe  regional  distribution  of  sweating  re¬ 
sponses  to  sensory  and  mental  stimuli  differs 
greatly  from  that  of  thermal  sweating. 
Palms  and  soles,  resiionding  late  and  wea  > 
to  heat  simuli,  respond  most  promptly  to 
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mental  and  sensory  stimuli.  The  axillae  take 
an  intermediary  position  (61).  Disregarding 
minor  discrepancies,  Kuno’s  findings  on  the 
distribution  of  thermal  sweating  ability 
were  confirmed  by  subsequent  investigators 
(196,  139,  51). 

Weiner  (196)  found  markedly  different 
thermogenic  sweat  rates  in  different  regions, 
the  main  feature  being  that  head  and  trunk 
sweat  more  profusely  than  the  extremities, 
with  an  irregular  decrease  in  caudal  and 
distal  directions.  Roughly,  about  50  per  cent 
of  heat  sweat  comes  from  the  trunk,  25  per 
cent  from  the  lower  limbs,  and  the  remain¬ 
ing  25  per  cent  from  the  head  and  upper 
limbs.  Weiner  also  compared  the  percentage 
which  each  region  contributes  to  the  total 
sweating  with  the  percentage  that  the  sur¬ 
face  of  the  region  contributes  to  the  total 
surface  area.  In  this  way  he  arrived  at  a 
measure  of  “relative  intensity”  of  sweating 
(see  Table  2).  The  relative  intensity  of 
thermogenic  sweating  is  greatest  on  the 
trunk  and  almost  as  great  on  the  head.  On 
hands  and  feet  the  relative  intensity  is  only 
one-fifth  to  one-fourth  that  on  the  trunk, 
probably  because  of  the  poor  response  of 
palms  and  soles  to  thermal  stimulation. 
Elsewhere  on  the  extremities  the  relatWe 
intensity  is  one-third  to  one-half  that  of  the 
trunk. 

It  is  not  known  whether  the  regional  dif¬ 
ferences  are  related  to  the  density  of  the 
glands  or  to  their  different  activity  in  dif¬ 
ferent  regions.  Weiner  (196)  found  that  only 
the  trunk  participates  regularly  and  intense¬ 
ly  in  the  increase  of  sweating  ability  such  as 
occurs  in  acclimatization  to  a  hot  environ¬ 
ment  (p.  265).  It  might  be  that  there  is  a 
greater  reserve  of  “unused”  glands  on  the 
trunk  and  that  this  enables  it  to  change 
more  during  acclimatization.  Or  j)erhai)s 
the  glands  on  the  trunk  are  able  to  enlarge 
more  than  glands  elsewhere,  if  acclimatiza¬ 
tion  is  connected  with  hypertrophy  of  sweat 
glands,  which  again  is  not  known  (196). 

Randall  (139)  electrophoretically  intro¬ 
duced  mecholyl  to  stimulate  sweat  secretion 
maximally  and  counted  the  number  of  func¬ 
tioning  sweat  glands.  In  conformity  with 


histological  counting,  he  found  a  greater 
number  of  functioning  sweat  glands  on  the 
dorsa  of  hands  than  on  the  forearms  but,  at 
the  same  time,  a  smaller  sweat  output  on 
the  backs  of  the  hands.  Again,  in  conformity 
with  histological  counts,  he  found  a  greater 
number  of  functioning  glands  on  the  chest 
than  on  the  back  and  in  the  majority  of 
cases  considerably  more  on  the  forehead 
than  on  the  cheeks.  Randall  was  unable  to 
elicit  maximal  response  on  the  palms  with 
his  method.  A  much  greater  number  of 
pores  could  be  counted  in  the  case  of  “spon¬ 
taneous”  (mental)  sweating  than  after  ap¬ 
plication  of  mecholyl. 


TABLE  2 

Relative  Intensity*  of  Sweating  over  Vari¬ 
ous  Regions  of  Body  Surface  (196) 


Subject 

P. 

Subject 

McK. 

Subject 

W. 

Head . 

1.4 

1.4 

1.0 

Trunk . 

1.4 

1.5 

1  3 

Thighs . 

0.8 

0.5 

0.8 

Legs . 

0.9 

0.7 

1  9 

Feet . 

0.7 

0.4 

0,2 

.Vrms  and  forearms 

0.6 

0.8 

0  7 

Hands . 

0.2 

0.2 

0.3 

*  Relative  intensity  =  Proportion  of  total  sweat  contributed 
by  region  4- proportion  of  total  surface  represented  by  region. 


in  a  more  recent  contribution  Randall, 
Hertzman,  and  Ederstrom  (145)  found  ther¬ 
mal  sweating  to  appear  first  on  the  calves 
and  thighs,  next  on  the  forehead  and  lower 
trunk,  and  last  on  the  upper  extremities. 

Older  data  have  been  essentially  con¬ 
firmed  by  Herrmann,  Prose,  and  Sulzberger 
(51).  In  addition,  these  authors  reported 
some  new  and  important  observations.  They 
found  a  more  staggered  appearance  of 
sweating  m  region  after  region,  in  most 
cases  starting  on  the  forehead,  as  contrasted 
with  Kuno’s  (90)  simultaneous  onset  of  re¬ 
flex  sweating  all  over  the  body  surface  ex¬ 
cept  palms  and  soles.  In  areas  with  lower 
sweating  ability  there  was  a  longer  latent 
j>enod  than  in  areas  with  high  sweat  de- 
yery  There  was  a  greater  responsiveness 
to  heat  stimuii  of  the  a.viliary  giands  than  in 
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the  experiments  of  Kuno  (90).  Most  abun¬ 
dant  sweat  delivery  was  found  in  the  mid¬ 
sternum  at  the  level  of  the  third  costo¬ 
chondral  junction,  dermatologically  a  re¬ 
markable  finding,  in  view  of  the  yellow 
scaling  spot  in  the  very  same  area  of  pa¬ 
tients  with  seborrheic  dermatitis,  in  whom 
this  change  is  a  frequent  stigma  of  their 
cutaneous  constitution.  The  fact  that  the 
“mid-lines”  on  chest  and  back  deliver  more 
sweat  than  the  corresponding  lateral  parts 
is  clinically  also  important  with  regard  to 
the  mid-line  distribution  of  seborrheic  der¬ 
matitis.  The  authors  pointed  out  the  strik¬ 
ing  parallelism  in  the  regional  distribution 


constant  on  repeated  examination  in  the 
same  subject.  Weiner  (196)  comparing,  ther¬ 
mal  sweating  of  scalp  and  forehead,  found  in 
one  subject  an  equal  sweating  ability  of  the 
two  regions;  in  two  other  subjects,  however, 
the  scalp  remained  almost  completely  dry 
while  the  forehead  sweated  with  unusual 
intensity. 

The  sweating  ability  of  females  is  con¬ 
siderably  less  than  that  of  males  (p.  167). 
This  sex  difference  was  first  demonstrated 
for  sweating  elicited  by  acetylcholine  (76, 
39,  64),  but  it  is  also  true  for  sweating 
elicited  by  Prostigmin,  pilocarpine,  and  heat 
(64,  51).  Hardy,  Milhorat,  and  Du  Bois  (49) 


TABLE  3 

Comparison  of  Total  Number  of  Sweat  Glands  of  Peoples  Living 

IN  Different  Climates 


Subjects 

No.  OF 
Subjects 

Age 

No.  OF  Sweat  Gl.ands  (Thous.ands) 

Min. 

Max. 

Mean 

Ainu*  . 

12 

6 

4 

11 

10 

15 

13- 63 
38-58 

14- 35 
6-35 

17-42 

9-25 

1 ,069 
1,639 
1,839 
1,781 
2,642 
2,589 

1,991 

2,137 

2,603 

2,756 

2,982 

4,026 

1,443  +  52 
1,886  +  59 
2,168  +  11 
2,282  +  66 
2,800  +  23 
2,961+61 

Rii<;<;iflns  . 

Japanese,  migrated  to  tropics. 
Japanese  in  Japan 

T^ilininn^  . 

Japanese,  born  in  tropics . 

*  The  Ainu  is  a  Japanese  aboriginal  tribe  living  in  the  cold  northern  parts  of  Japan. 


of  thermogenic  sweat  and  of  lipids  on  the 
skin  surface  (p.  295).  The  quantitative  vari¬ 
ations  of  thermogenic  sweat  and  lipid  de¬ 
livery  paralleled  each  other  surprisingly  in 
these  authors’  experiments.  Thus,  in  sebor¬ 
rheic  dermatitis,  anomalies  of  sweat  secre¬ 
tion  may  play  a  role  as  well  as  anomalies  of 
sebum  secretion. 

While  it  was  previously  taken  for  granted 
that  sweat  delivery  is  symmetrical,  Herr¬ 
mann  et  al.  (51)  discovered  a  natural  asym¬ 
metry  of  sweat  delivery  in  about  20  per  cent 
of  the  subjects  examined.  Individual,  gen¬ 
eral,  and  regional  differences  in  sweating 
ability  have  been  emphasized  by  all  in¬ 
vestigators.  In  Herrmann’s  experiments, 
sweat  delivery  on  the  temple  varied  tre¬ 
mendously  (from  2.5  to  52.5  mg/2  sq  cm/ 
min)  in  different  males,  but  was  relatively 


found  that  total  vaporization  from  skin  and 
lungs  in  males  is  greater  than  in  females  ami 
that  thermogenic  sweating  sets  in  earlier  in 
males.  These  authors  attributed  this  sex 
difference  to  the  lower  metabolic  rate  in 
females,  which  requires  less  evaporative 
heat  loss.  The  newer  findings,  however,  sug¬ 
gest  that  the  sex  difference  is  based  on  an 
inherently  weaker  response  of  sweat  glands 
to  acetylcholine  in  the  female. 

Interestingly,  the  sex  difference  was  not 
apparent  when  the  minimum  effective  con¬ 
centration  of  acetylcholine  was  established 
by  intradermal  injection  of  exceedingly 
small  volumes  (O.Ol  cc.)  (23).  No  sex  dif¬ 
ference  was  noted  in  sweating  ability  ot 
palms  and  axillae  in  response  ^  heat  (51  h 

As  to  racial  differences,  there  is  little  (3;) 
or  no  (51)  difference  between  the  sweating 
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ability  of  the  white  and  Negro  races.  How¬ 
ever,  recent  findings  of  Kawahata  and  Saka¬ 
moto  (77)  indicate  that  the  total  number  of 
sweat  glands  is  smaller  in  people  living  in 
cold  climates  than  in  people  living  in  the 
tropics  (Table  3).  These  authors  counted 
sweat  glands  by  dividing  the  body  surface 
into  20  areas,  and  taking  three  to  five  counts 
within  each  area  in  microscopic  fields  of 
0.084  sq.  cm.,  by  the  Jiirgensen  procedure 
(71).  The  phenomenon  could  be  interpreted 
either  as  an  adaptation  phenomenon  or  as  a 
true  genetic  racial  difference. 

Regional  differences  in  the  output  of 
single  glands  are  similar  if  sweat  glands  are 
stimulated  by  heat  or  cholinergic  drugs. 
Some  regional  discrepancies  were  observed 
by  Randall  (139)  and  were  confirmed  by 
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Thurman  and  Ottenstein  (130,  184).  For  in¬ 
stance,  there  is  relatively  more  sweat  on  the 
forehead  than  in  the  axilla  and  on  the  trunk 
when  sweating  is  elicited  by  mecholyl;  but 
this  is  not  the  case  in  thermal  sweating. 
Still  it  would  be  farfetched  to  conclude  from 
such  discrepancies  that  thermal  (and  emo¬ 
tional)  sweating  are  not  purely  cholinergic 
(p.  163).  One  has  to  keep  in  mind  the  arti¬ 
ficial  nature  of  experiments  done  with  local 
injection  and/or  electrophoresis  of  the  cho¬ 
linergic  drugs.  Quantitation  of  results  is 
rather  difficult  with  this  method.  Also  one 
must  remember  that  mecholyl  is  not  the 
natural  transmitter  of  sweat  impulses.  It 
differs  from  acetylcholine  quite  considerably 
in  its  greater  resistance  to  the  cholinesterases 
and  in  its  slighter  nicotinic  action  (28). 


IV.  NONNERVOUS  ECCRINE  SWEATING 


Although,  in  everyday  life,  sweating  is 
almost  exclusively  the  result  of  nervous  im¬ 
pulses,  the  sweat-gland  cells  are  able  to  re¬ 
spond  to  direct  application  of  heat,  if  this 
heat  is  sufficiently  intense.  This  direct  action 
is  independent  of  nervous  influence,  can  be 
elicited  in  denervated  areas  in  its  full  in¬ 
tensity  (158,  64),  and  is  not  abolished  by 
atropinization  or  local  anesthetics.  It  also 
appears  after  arrest  of  circulation  (140,  7) 
and  even  if  all  soft  tissues  of  one  thigh  had 
been  divided  and  the  nerves  had  degener¬ 
ated  (90).  This  local  glandular  response  is 
in  some  respects  analogous  to  the  local 
response  of  sweat  glands  to  acetylcholine. 
There  is  a  close  analogy  also  with  erector 
muscles,  which  can  be  directly  stimulated 
by  cold,  by  electric  current,  or  by  epineph¬ 
rine,  independently  of  nervous  influences, 
although  the  common  physiologic  stimuli 
o  these  muscles  are  adrenergic  nerve  im¬ 
pulses. 

The  nonnervous  sweat  response  is  strictly 
limited  to  the  area  of  stimulation  (158  140) 
as  contrasted  with  sweating  due  to  nervous 
impulses,  which  always  spreads  beyond  this 
area,  because  the  impulses  are  carried  far- 
her  by  long  or  short  reflex  pathways.  Saito 
(l68)  elicited  direct  stimulation  of  sweat 


glands  on  the  cat’s  paw  by  hot  air  (80°  C.), 
which  caused  the  temperature  of  the  sub¬ 
dermis  to  rise  to  40°  C.  In  man  he  found  the 
skin  surface  temperature  to  be  between  43° 
and  46°  C.,  when  the  local  sweat  reaction 
appeared.  It  was  much  more  difficult  to 
elicit  it  on  palms  and  soles  than  elsewhere  on 
the. body.  Randall  (140)  found  the  average 
critical  temperature  for  local  sweating  in 
man  to  be  between  39°  and  45°  C.  skin  sur¬ 
face  temperature,  somewhat  lower  than 
Saito’s  critical  temperature  but  still  con¬ 
siderably  higher  than  the  critical  tempera¬ 
ture  for  reflex  sweating.  In  most  cases  local 
sweat  appeared  only  when  the  surface  tem¬ 
perature  was  well  above  40°  C.  Randall 
(140),  studying  local  sweating  in  response  to 
heat,  gives  the  following  account:  The 
latent  period  on  direct  gland  stimulation  is 
1  8  minutes,  mostly  1-2  minutes.  The  drop- 
ets  are  larger  than  those  in  reflex  sweating- 
there  is  an  excessive  output  of  the  individual 
g  ands.  Not  all  glands  of  the  heated  area 

do  n  ’  r‘  “P  them 

do.  On  cooling,  sweating  goes  on  for  awhile 

bXwl  e  V  'V"  '^-P^-ture  has  falleif 
elow  the  critical  temperature.  In  contrast 

to  reflex  sweating,  sweat  due  to  direct  heat¬ 
ing  IS  not  subject  to  acclimatization  or  to 
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conditioning;  there  is  no  difference  in  tlie 
critical  temperature  in  summer  and  winter. 
Previous  treatment  with  atropine  or  ])ro- 
caine  does  not  abolish  the  reaction  com¬ 
pletely  but  decreases  it. 

It  was  emphasized  by  Kuno  (90),  as  well 
as  by  Randall  (140),  that  direct  sweat-gland 
stimulation  by  heat  hardly  ever  occurs 
under  natural  circumstances.  The  heat  re¬ 
quired  is  so  intense  that  it  causes  subsequent 
tissue  damage,  usually  with  edema  and 
blister  formation.  Still  it  is  conspicuous  that 
if  general  reflex  sweating  is  elicited  by 
moderate  local  heating  of  a  limited  area, 
there  is  more  sweat  secretion  at  the  site  of 
direct  heat  exposure  than  there  is  elsewhere, 
at  least  initially  (90,  138).  Therefore,  one 
may  assume  that  if  a  gland  receives  some 
nervous  impulse,  the  critical  temperature 
for  direct  glandular  excitation  by  heat  is 
lowered.  If  this  is  true,  the  difference  be¬ 
tween  amounts  of  sweat  secreted  at  locally 
heated  and  reflex  sweating  areas  should  be 


to  elicit  by  intense  local  heating,  but  such 
local  sweating  was  rather  easily  weakened  or 
abolished  by  procainization  and,  therefore, 
could  not  be  regarded  as  a  result  of  direct 
glandular  excitation  only.  In  other  words,  at 
atmospheric  temperatures  of  29°-3()°  C.,  it 
was  hardly  possible  to  elicit  the  pure  phe¬ 
nomenon  of  local  sweating,  because  local 
heating  immediately  also  caused  nervous 
sweating  in  loco,  which  was  suppressed  by 
procaine. 

These  observations  show  that  it  is  not 
always  possible  to  differentiate  clearly  be¬ 
tween  direct  glandular  activity  and  that  in¬ 
duced  by  nervous  stimulation.  The  fact  that 
Randall  (140)  found  a  decrease  in  local 
sweating  after  application  of  procaine  and/ 
or  atropine  also  indicates  that  he  did  not 
always  deal  with  purely  nonnervous  glandu¬ 
lar  excitation,  because  procaine  acts  on 
nerve  endings  and  atropine  acts  on  the 
neuroglandular  junction,  but  nothing  is 
known  about  their  action  on  secretory 


greater— at  least  initially— the  more  intense 
the  locally  applied  heat  is.  Whether  this  is  so 
has  not  been  explored.  However,  in  this  con¬ 
nection,  a  most  important  feature  of  local 
sweating  was  recently  pointed  out  by  Is- 
sekutz  el  al.  (62).  These  authors  experi¬ 
mented  with  local  nonnervous  sweating  at 
two  different  levels  of  atmospheric  tempera¬ 
ture:  at  18°-20°  C.  and  at  29°-3()°  C.  At  the 
lower  temperature  level,  difficulty  was  en¬ 
countered  in  eliciting  abundant  local  sweat¬ 
ing  by  intense  local  heating.  There  was 
scanty  sweating  of  40-50  glands  in  an  area 
supplied  by  200-300  glands.  But  this  scanty 
response  always  represented  pure  nonnerv¬ 
ous  sweating,  which  was  not  abolished  or 
weakened  by  procainization.  At  the  higher 
temperature  level,  local  sweating  was  easier 


cells. 

The  best  explanation  that  I  can  see  is 
that  intense  local  heating  at  high  atmos¬ 
pheric  temperatures  induces  a  subthreshold 
general  sweating  impulse;  the  nervous  im¬ 
pulse  in  itself  is  not  sufficient  to  cause  gen¬ 
eralized  sweating,  but  the  increased  nerve 
tonus,  together  with  the  local  excitation  of 
sweat-gland  cells,  elicits  visible  sweat  secre¬ 
tion  (p.  165).  This  assumption  also  explains 
why  there  is  more  sweating  at  the  locally 
heated  area  when  general  refle.x  sweating 
sets  in. 

Theoretically,  local  nonnervous  sweat 
may  have  a  physiological  role  in  jirotecting 
the  skin  from  excessive  rises  in  temperature 
through  local  increase  of  evaporative  heat 

loss  (7). 


V.  THE  CHOLINERGIC  NATURE  OF  NERVE  FIBERS 
innervating  ECCRINE  tiLANDS 


The  innervation  of  eccrine  glands,  al¬ 
though  anatomically  sympathetic,  is  physio¬ 
logically  and  pharmacologically  “parasym¬ 
pathetic,”  or,  according  to  the  nomenclature 
introduced  by  H.  H.  Dale  (31),  choliner¬ 


gic  ”  The  neurohumoral  concept  of  nervous 
excitation  postulates  that,  on  stimulation  of 
an  autonomic  nerve  fiber,  a  chemical  medi¬ 
ator,  either  nor-epinephrine  or  acetylcholine, 
is  liberated  at  the  nerve  ending  and  acts 
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directly  on  the  recej)tor  organ.  In  contrast 
to  all  other  postganglionic  sympathetic  li¬ 
bers,  which  are  adrenergic,  sweat  libers 
liberate  acetylcholine  at  their  endings  on 
stimulation,  as  directly  demonstrated  by 
Dale  and  Feldberg  in  1934  (32).  The  effect 
of  nerve  impulses  acting  on  eccrine  glands 
thus  becomes  identical  with  the  effect  of 
acetylcholine  on  the  same  glands. 

The  concentration  of  acetylcholine  liber¬ 
ated  at  sweat  nerve  endings  can  be  extreme¬ 
ly  low  and  still  effective.  Coon  and  Rothman 


ing  agents,  such  as  llanthine,  Prantal,  etc., 
do  not  hinder  the  liberation  of  acetylcholine 
following  nerve  stimulation  but  block  the 
recejdor  site  of  the  secretory  cell  so  that  it  is 
unable  to  respond  to  acetylcholine. 

In  accordance  with  the  neurohumoral 
concept,  acetylcholine  acts  directly  on 
sweat-gland  cells,  no  matter  whether  the 
glands  are  innervated  or  not.  Similarly, 
other  choline  esters  and  pilocarpine  exert  a 
direct  action  on  the  gland  cells.  There  are 
numerous  data  to  prove  this  thesis.  How- 
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demonstration  of  cholinesterase  in  eccrine  glands  and  their  cholinergic  hirers 
(Unpublished  experiments  of  Dr.  0.  R.  Aavik,  Section  of  Dermatolog.v,  University  of  Chicago.) 


(29)  obtained  positive  sweat  responses  in 
man  on  intradermal  injection  by  concentra¬ 
tions  as  low  as  1 :5  X  KDk  The  cholinergic 
response  is  greatly  potentiated  by  jrhyso- 
stigmine  (eserine)  and  related  com{)ounds, 

which  block  cholinesterases— enzymes  which 
split  acetylcholine  into  choline  and  acetic 
acid  and  which  are  present  in  high  concen¬ 
tration  in  and  around  cholinergic  nerve  end¬ 
ings  (Fig.  6).  If  anticholinesterase  drugs  are 
administered,  the  naturally  formed  acetyl¬ 
choline  accumulates  and  has  greatly  intensi¬ 
fied  effects.  I  his  is  the  reason  that  physo- 
stigmine  itself  causes  sweating. 

Atropine  and  the  newer  cholinergic  block- 


e\er,  there  is  a  paradoxical  jihenomenon 
which  is  hard  to  reconcile  with  this  concept 
of  direct  action,  namely,  that  sweat  re¬ 
sponses  to  locally  injected  acetylcholine  and 
pilocarpine  usually  disappear  completely 
soon  after  denervation  of  the  gland.  This  is 
in  contradistinction  to  the  rule  of  Cannon 
(21),  which  states  that  smooth  muscles  and 
glands,  innervated  by  cholinergic  or  adrener- 
pc  fibers,  give  abnormally  strong  responses 
to  chemical  stimuli  after  denervation  (“sen¬ 
sitization  iihenomenon”),  esjiecially  if  the 
natural  chemical  mediator,  nor-epinephrine 
or  acetylcholine,  is  used  as  a  stimulus. 
Weakened  responses  to  pilocarpine  after 
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denerv’ation  have  been  known  for  a  long 
time,  and  it  was  repeatedly  assumed  that 
pilocarpine  acts  on  nerve  endings  or  on 
nerves  rather  than  on  gland  cells  (105). 
Kahn  and  Rothman  (76)  found  that  the 
local  sweat  response  to  intradermally  in¬ 
jected  acetylcholine  quite  regularly  dimin¬ 
ishes  or  disappears  after  postganglionic 
sympathectomies.  However,  they  stated 
that  the  direct  action  of  acetylcholine  on 
sweat  glands  cannot  be  ruled  out  on  the 
basis  of  such  observations,  because  the 
sweat  responses  are  sometimes  positive, 
even  though  slight,  for  long  periods  after 
sympathectomies,  during  which  time  vari- 


acetylcholine  several  hours  after  excision, 
when  all  nerve  functions  have  ceased.  Even 
in  vitro  the  oxygen  uptake  by  skin  slices  con¬ 
taining  sweat-gland  coils  increases  greatly 
on  the  addition  of  pilocarpine  (127).  In  man, 
local  responses  to  acetylcholine  can  be  elic¬ 
ited  in  spite  of  complete  paralysis  of  the 
peripheral  sympathetic  fibers  by  local  anes¬ 
thetics.  On  the  other  hand,  in  denervated 
areas  the  direct  reponse  is,  in  the  majority  of 
cases,  abolished. 

It  appears  that  little  attention  has  been 
paid  to  the  phenomenon  which  may  be 
labeled  as  “conditioning”  of  eccrine  glands. 
This  expression  means  that  sweat  glands  re- 


5 


able  responses  are  noted.  Netsky  (126)  noted 
positive  responses  several  years  after  de¬ 
nervation.  A  peculiarity  of  the  weakening  of 
the  sweat  responses  in  denervated  areas  is 
that  it  sets  in  very  early,  a  few  hours  after 
denervation,  and  certainly  long  before  the 
nerve  has  started  to  degenerate  (76).  The 
weakening  of  sweat  responses  to  pilocarpine 
and  acetylcholine  is  observed  only  if  the 
postganglionic  fiber  has  been  separated  from 
its  ganglion  cells,  namely,  in  peripheral 
nerve  injuries,  in  postganglionic  sympathec¬ 
tomies,  and  in  ganglionectomies.  It  is  not  ob¬ 
served  after  preganglionic  sympathectomies 

(59,  23). 

The  problem  remains  unsolved.  On  the 
one  hand,  in  the  excised  foot  pad  of  cats, 
sweating  can  be  elicited  with  pilocarpine  or 


act  differently  under  different  conditions  in 
response  to  the  same  stimulus.  One  impor¬ 
tant  conditioning  factor  is  the  environmen¬ 
tal  temperature.  Response  to  acetylcholine 
is  much  more  pronounced  in  a  warm  en¬ 
vironment  than  in  the  cold  (124,  29).  The 
different  conditioning  in  winter  and  sumnier 
is  well  known.  Kuno  (90)  gives  the  following 
account;  In  winter,  when  sweating  is  in¬ 
duced  by  heat,  either  gradually  or  suddenly, 
there  is  always  a  latent  period  of  about  30 
minutes  before  visible  sweat  appears  (Eig. 
7).  In  constantly  warm  weather  such  latency 
is  not  present;  as  soon  as  the  critical  air 
temperature  of  visible  sweat  secretion  is 
reached,  sweat  droplets  appear.  This  is  the 
“sensitive  type”  of  sweating.  Not  only  heat 
but  any  kind  of  sweat  stimulus— drinking  ot 
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hot  water,  eating  spicy  food,  faradization  of 
the  skin,  or  slight  muscular  exercise — is 
liable  to  cause  sweating  more  promptly  in 
summer  than  in  winter  (90).  Kuno  (90)  also 
found  that  in  cats,  foot  pads  will  fail  to 
sweat  on  stimulation  of  the  sciatic  nerve  if 
the  foot  is  cooled  to  temperatures  lower  than 
25°  C.  On  the  palms  of  man,  mecholyl  does 
not  produce  maximal  response,  except  if 
there  is  a  minimal  subthreshold  nervous 
tension  (139). 

In  explanation  of  these  observations  it 
appears  reasonable  to  assume  a  nerve  tonus 
which  does  not  represent  an  actual  impulse 
with  an  effect  which  could  be  registered,  but 
which  is  sufficient  to  increase  the  responsive¬ 
ness  of  the  gland  to  nonnervous  stimuli. 
This  tonus  is  higher  in  summer  than  in 
winter  and  practically  zero  when  the  skin  is 
cooled.  The  tonus  is  lost  by  denervation, 
and  response  to  local  stimulation  is  weak  or 
absent  very  soon  after  the  gland  has  been 
denervated.  The  nerves  have  not  yet  de¬ 
generated,  but  they  have  lost  their  tonic 
effect  as  early  as  a  few  hours  after  severance. 
(3bservations  on  nonnervous  sweating  have 
led  us  to  the  same  interpretation:  The  “non¬ 
nervous”  local  sweating  is  weakened  by 
atropinization  or  procainization,  because  the 
local  sweating  is  aided  by  nerv^e  tonus  if  the 
environmental  temperature  is  sufficiently 
high  (p.  162). 

It  appears  that,  once  the  tonicity  is  lost, 
acetylcholine  and  other  cholinergic  drugs  are 
less  likely  to  stimulate  the  glands  than  is 
direct  application  of  heat.  Two  denervated 
cutaneous  surfaces,  when  placed  in  contact 
with  each  other,  will  secrete  sweat  in  a  warm 
atmosphere  (59).  Also,  denervated  sweat 
glands  not  responding  to  acetylcholine  will 
respond  to  locally  applied  excessive  heat  (64) . 

A  remarkable  (probably  central)  condi¬ 
tioning  factor  is  alcohol  intake.  In  Kuno’s 
(90)  experiment  the  critical  sudoriferous  en¬ 
vironmental  temperature  dropped  from  32° 
to  27°  C.  the  day  after  a  drinking  bout.  This 


could  have  been,  however,  also  an  indirect 
consequence  of  an  increased  tendency  to¬ 
ward  peripheral  vasodilatation  (p.  254). 

The  tendency  toward  excessive  perspira¬ 
tion  in  hyperthyroidism,  in  hyperpituitar¬ 
ism,  in  convalescents  after  severe  acute 
diseases,  and  in  weakened  individuals  in 
general  is  not  understood.  It  is  certainly  not 
due  solely  to  increased  metabolism  or  to  any 
other  caloric  factor,  because  the  sweat 
glands  of  such  individuals  show  increased 
responsiveness  also  to  sensory  stimuli  (90). 
Again  the  assumption  of  increased  nerve 
tonicity  in  such  cases  would  satisfactorily 
explain  the  situation. 

According  to  this  concept,  commonly  oc¬ 
curring  hyperidrosis  has  two  different  mech¬ 
anisms.  One  is  an  abnormal  increase  in  nerve 
impulses,  such  as  occurs  in  hyperidrosis 
caused  by  central  nervous  system  lesions  (p. 
178)  and  in  emotional  hyperidrosis.  The 
pathophysiological  disturbance  in  these 
cases  consists  of  increased  nerve  impulses, 
liberation  of  excessive  amounts  of  acetyl¬ 
choline,  and  subsequent  excessive  sweating. 
There  is  no  increased  responsiveness  of  the 
glands  to  acetylcholine  demonstrable  in 
emotional  hyperidrosis  (23).  Another  mech¬ 
anism  is  an  increased  tonicity  of  the  sweat 
libers,  intensifying  sweat  responses  to  nerv¬ 
ous  and  nonnervous  stimuli  of  normal  in¬ 
tensity.  In  such  cases  a  certain  concentra¬ 
tion  of  liberated  acetylcholine  elicits  a  more 
intense  sweat  response  than  normal.  Simi¬ 
larly,  hypoidrosis  and  anidrosis  can  be  due 
either  to  weakened  nerve  impulses,  with  de¬ 
creased  amounts  of  acetylcholine  liberated, 
or  to  decreased  responsiveness  of  sweat 
glands  to  acetylcholine  because  of  low  nerve 
tonicity,  as  is  the  case  in  postganglionic 
nerve  damage.  Decreased  ability  to  sweat 
was  demonstrated  in  such  systemic  diseases 
as  pernicious  anemia,  secondary  anemia, 
uremia,  and  late  phases  of  diabetes  (73). 
The  mechanism  of  this  hypoidrosis  is  un¬ 
known. 
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\\.  THK  PROBLEM  OF  ADRENKRCilC  SWEATINCi 


In  a  number  of  mammals,  such  as  the 
horse,  sheep,  cat,  and  dog,  administration  of 
epinephrine  causes  profuse  sweating,  which 
is  not  inhibited  by  atropinization  (123). 
Neither  is  natural  sweating  following  muscu¬ 
lar  exercise  in  the  horse  inhibited  by  atro- 


Fig.  8. — Seating  resi)onse  to  radiant  heal  in  dog’s 
skin  removed  from  aspect  of  the  thorax  5  minutes  be¬ 
fore  heating.  Sweating  was  rendered  visible  by  the 
method  of  VVada.  The  black  spots  appear  at  the 
o|)enings  of  hair  follicles.  Photographed  after  heating 
10  minutes.  From  Aoki  and  Wada  (7).  (Reproduced 
by  i)ermission  of  Dr.  Wada  and  the  American  Asso¬ 
ciation  for  the  Advancement  of  Science.  Photograph 
courtesy  of  Dr.  Wada.) 


pine  (123,  96).  Because  these  animals,  with 
the  excei)tion  of  the  sheej),  sweat  also  on  ad¬ 
ministration  of  pilocarjtine,  which  like 
acetylcholine,  stimulates  cholmergically  in¬ 
nervated  structures,  it  was  frequently  as¬ 
sumed  that  sweat  glands  have  a  dual  - 
adrenergic  and  cholinergic  innervation. 

Recently,  the  dual  response  of  sweat 
glands  on  the  trunk  of  dogs  was  investigated 


by  Aoki  and  Wada  (7).  These  glands  re¬ 
spond  equally  to  intradermally  injected 
pilocarpine,  acetylcholine,  and  epinephrine 
in  normal  as  well  as  in  denervated  or  excised 
skin.  Sweating  elicited  by  acetylcholine  or 
pilocarpine  is  inhibited  by  atropine,  that  by 
epinephrine  is  not.  These  glands  and  the 
glands  on  the  trunks  of  other  domestic  ani¬ 
mals  open  into  the  follicular  canal  (25),  as 
recently  pointed  out  by  Aoki  and  Wada 
(7).  Their  illustration  (Fig.  8)  shows  clearly 
that  the  sweat  droplets  appear  at  the  orifices 
of  follicles.  Thus  these  glands  belong  to  the 
group  of  apocrine  glands  (p.  180).  Func¬ 
tionally,  they  are  certainly  not  comparable 
to  human  eccrine  glands:  they  do  not  re- 
s})ond  to  nicotine  or  to  excitement  (strug¬ 
gling)  and  do  not  take  part  in  systemic  heat 
regulation  (7).  Their  nerves  cannot  be  stim¬ 
ulated  to  i)roduce  axon-reflex  sweating  (7). 

Eccrine  sweat  glands  in  the  cats’  and 
dogs’  paws  are  more  comparable  to  human 
eccrine  glands.  A  dual  innervation  was  as¬ 
sumed  for  these  glands,  after  it  was  observed 
that  epinephrine  on  local  injection  stimu¬ 
lated  them  (90).  Coon  and  Rothman  (un- 


)ublished)  occasionally  saw  minimal  sweat- 
ng  on  the  cat’s  foot  pad  after  intradermal 
njection  of  epinephrine,  but  this  reaction 
,vas  not  reproducible  regularly  and  was  not 
;omj)arable  to  the  [)rofuse  and  intense  s\n  eat 
iow  following  intradermal  injection  of  ace- 
;ylcholine.  Much  earlier,  Langley  and  Uyeno 
^97)  thought  that  epinephrine  injected  into 
•he  cat’s  foot  pad  has  no  more  effect  than 
;he  injection  of  saline  solutions.  Patton 
!134)  was  unable  to  block  sweat-gland  func- 
:ion  in  the  cat’s  paw  by  Dibenamine,  an 
idrenergic  blocking  agent,  and  came  to  the 
'onclusion  that  sweat  secretion  in  the  cat  s 
)aw  is  a  purely  cholinergic  function  without 
iny  adrenergic  component. 

Recently,  much  attention  has  been  paid 
:<)  ‘‘adrenergic  sweating”  of  eccrine  gdands 

nman  (47.48,06,  172,  17,1,  12,  04,  188,  2.1). 
rlicre  can  be  little  doubt  that  ecenne  sweat 
Iroplets  can  be  produced  locally  on  the  skin 
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surface  with  intradermal  injections  of  ei)i- 
nephrine  (Fig.  of  as  low  a  concentration 
as  1 : 10-*  (81).  Adrenergic  sweating  ai)pears 
within  2  minutes  after  injection  and  may 
last  as  long  as  2  hours.  Nor-ej)inephrine  has 
a  similar  effect  (48,  12).  Other  adrenergic 
compounds,  such  as  Neosynephrine,  can 
also  act  (47,  172,  178).  Adrenergic  blocking 
agents  (ergotamine,  Dibenamine,  and  Pris- 
col)  inhibit  adrenergic  sweating,  and  choli¬ 
nergic  blocking  agents  have  no  effect  on  it. 
In  denervated  areas  adrenergic  sweating 
could  not  be  elicited  (64). 


Adrenergic  sweating  is  not  quite  regularly 
reproducible.  Haimovici  (48)  was  able  to 
elicit  it  in  84  per  cent,  and  Sonnenschein  el 
al.  (66,  172,  178)  in  76  per  cent,  of  the  sub¬ 
jects  examined.  Fhe  threshold  of  effective 
epinephrine  concentration  required  was 
roughly  in  the  same  range  as  that  of  acetyl¬ 
choline  (28)  but  definitely  higher  than  the 
threshold  effective  concentration  of  epi¬ 
nephrine  on  i)ilomotor  muscles  (28). 

Systemic  administration  of  epinephrine 
does  not  elicit  sweating  in  man  (48).  Spon¬ 
taneous  sweating  elicited  by  heat,  exercise, 


Haimovici  (48)  com[)ared  the  effects  of 
epinephrine,  nor-epinephrine,  and  isuprel 
(/i-isopropyl-nor-epinephrine),  which  was 
thought  to  be  Cannon’s  inhibitory  sympathin 
I  (22).  He  found  the  greatest  number  of  posi¬ 
tive  responses  with  ejiinephrine,  less  with 
nor-epinephrine,  and  only  a  small  jiercent- 
age  of  positive  reactions  with  isuprel.  It  was 
thought  that  in  the  few  cases  when  isuprel 
was  effective  it  was  hydrolyzed  in  the  skin 
yielding  nor-epinephrine.  Thus  it  appeared 
that  the  sudomotor  effect  was  due  to  the 
excitatory  comiionent  of  the  adrenergic 
mediator  (sympathin  E)  and  not  to  the  in¬ 
hibitory  sympathin  I. 


and  emotion  can  be  completely  blocked  by 
local  introduction  of  atropine  and  other 
cholinergic  blocking  agents  and  is  not  influ¬ 
enced  by  adrenergic  blocking  agents  (184, 
28).  All  this  suggests  either  that  adrenergic 
sweating  is  not  a  physiological  phenomenon 
or,  if  the  natural  nervous  sweating  mecha¬ 
nism  has  an  adrenergic  comixment,  that  this 
plays  an  auxiliary  role  which  is  not  essen- 


o  explain  such  an  auxiliary  role,  one 
may  assume  that  adrenergic  agents  contract 
the  myoepithelia  of  the  sweat  Riamis.  These 
structures  have  been  described  as  being  situ¬ 
ated  between  the  layers  of  epithelial  cells 
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and  the  basement  membrane,  but  as  not 
occurring  in  all  the  sweat  glands  (90).  Con¬ 
traction  of  these  muscular  elements  may 
express  preformed  sweat  droplets,  and  thus 
adrenergic  impulses  may  cause  “sweating,” 
without  actually  acting  on  the  secretory 
cells.^ 

Elicitation  of  sweating  by  locally  applied 
epinephrine  is  followed  by  a  refractory  state 
of  the  glands  in  the  stimulated  area  for  1-24 
hours;  this  area  will  remain  dry,  in  a  state  of 
general  sweating  (173).  This  observation, 
too,  is  compatible  with  the  assumption  that 
epinephrine  acts  on  muscle  cells  rather  than 
on  secretory  cells:  a  spastic  state  of  the 
muscular  coat  which  originally  promoted 
expression  of  sweat  may  hinder  expulsion 
later  on.  It  seems  that  if  epinephrine  actual¬ 
ly  contracts  the  myoepithelium,  this  effect 
is  independent  of  its  vasoconstrictive  action. 
In  venous  congestion,  epinephrine  has  a 
minimal  vasoconstrictor,  but  a  maximal 
sudomotor,  effect  (173). 

There  is  but  one  observation  which  is 
hard  to  reconcile  with  our  assumption: 


Haimovici  (48)  finds  that  Dibenamine,  a 
compound  blocking  adrenergic  impulses, 
considerably  decreases  not  only  epinephrine- 
induced,  but  also  spontaneous,  sweating  of 
the  palms,  demonstrable  by  an  increased 
electrical  resistance.  This  finding  reminds 
one,  of  course,  of  the  very  special  and  par¬ 
ticular  position  of  palmar  and  plantar  sweat 
glands  (p.  177).  However,  contrary  results 
were  reported  by  Chalmers  and  Keele  (23); 
and  Haimovici’s  finding  is  hard  to  reconcile 
with  that  of  Sonnenschein  (173),  who  tested 
twelve  persons  and  was  unable  to  elicit 
sweating  on  the  palms  by  intradermal  injec¬ 
tion  of  epinephrine.  Thus  the  physiological 
role  of  “adrenergic  eccrine  sweating”  in  man 
remains  highly  problematical. 

Concerning  apocrine  glands  in  domestic 
animals,  the  available  data  strongly  suggest 
that  they  have  a  dual — adrenergic  and 
cholinergic — innervation.  In  man  this  prob¬ 
lem  is  not  settled.  Shelley  and  Hurley  (166, 
168)  insist  that  human  apocrine  glands  are 
innervated  solely  by  adrenergic  fibers  (p. 
183). 


vn.  NERVOUS  SWE.VriNO 


A.  GENERAL 


Sweating  can  be  elicited  from  the  perij)!!- 
ery  (1)  by  direct  stimulation  of  sweat  glands 
(p.  161)  and  (2)  by  nervous  excitation.  The 
nervous  excitation  is  a  reflex  phenomenon 
and  can  be  (a)  axon  reflex,  {h)  intrasympa- 
thetic  reflex,  (c)  spinal  or  bulbar  reflex,  and 
{d)  diencephalic  or  cortical  reflex.  Direct 
stimulation  of  sweat  glands  can  be  achieved 
by  excessive  heat  (p.  161),  by  acetylcholine 
and  other  choline  esters  (p.  163),  by  pilo¬ 
carpine,  and  by  hexadienol  (83).  As  stated 
above,  if  sweat  glands  are  stimulated  di¬ 
rectly,  sweating  is  restricted  to  the  area 
stimulated,  whereas  in  sweating  due  to  nerv¬ 
ous  impulses  the  response  is  more  wide¬ 
spread.  In  axon-reflex  sweating,  the  size  of 
the  responding  area  depends  on  the  number 
of  axons,  the  ramifications  of  which  have 


1  Wada  el  al.  (189)  believed  that  potassium 
salts  injected  intradermally  caused  sweating  by 
stimulating  myoepithelial  cells. 


been  stimulated.  In  the  intrasympathetic 
reflex  the  whole  supply  area  of  the  excited 
ganglia  will  respond.  Spinal-reflex  sweating 
appears  in  a  segmentary  arrangement,  and 
sweating  is  general  in  the  diencephalic  reflex. 

Physiologically,  the  most  common  event 
is  generalized  sweating  in  response  to  either 
localized  or  generalized  thermal  stimuli.  The 
efferent  path  of  this  long  reflex  is  well  estab¬ 
lished,  but  the  afferent  path  is  still  contro¬ 
versial. 


n.  AXON-REELEX  SWEATING 

In  1938,  Bickford  (17)  and  Wilkins,  New¬ 
man,  and  Doupe  (198)  described  a  wide¬ 
spread  sweat  response  to  punctiform  faradic 
stimulation  of  the  skin  and  interpreted  this 
response  as  an  axon  reflex.  In  1939,  Coon 
and  Rothman  (27,  156,  29)  reported  that 
the  same  widespread  response  can  be  elicitec 
by  acetylcholine  and  by  other  drugs  with 
nicotine-like  action. 
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On  intradermal  injection  of  acetylcholine 
(29)  or  of  mecholyl  (124)  (acetyl-/3-methyl- 
choline)  solutions  and  other  choline  esters, 
the  sweat  response  appears  on  top  of  the 
injection  wheal  within  5-10  seconds  and 
slowly  increases  in  intensity  and  extent,  cor¬ 
responding  to  the  slow  diffusion  of  the  drug. 
In  my  experience,  in  the  majority  of  cases 
the  maximum  spread,  even  with  high 
(very  unphysiologic)  concentrations  (1 : 10''- 
1 : 10'^),  is  only  a  few  millimeters  away  from 
the  wheal  and  is  not  reached  until  5-10 
minutes  after  injection,  if  the  volume  does 
not  exceed  0.1  cc.  Randall  et  at.  (143)  found 
patterns  which  suggested  the  participation 
of  cutaneous  lymph  channels  in  the  convec¬ 
tion  of  the  drug  away  from  the  site  of  the 
injection.  The  intensity  of  this  reaction  de¬ 
creases  with  decreasing  concentration  of  the 
drug. 

This  sweat  response  to  acetylcholine  is 
analogous  to  the  response  of  other  struc¬ 
tures  with  autonomic  cholinergic  innerva¬ 
tion,  such  as  smooth  muscles  of  bowels, 
salivary  glands,  etc.  They  are  all  stimulated 
by  acetylcholine  in  the  same  manner  as  if 
parasympathetic  nerve  impulses  stimulated 
them.  The  response  is  blocked  by  atropine 
and  other  cholinergic  blocking  agents,  be¬ 
cause  these  agents  block  those  receptor 
groups  of  the  cells  which  otherwise  respond 
to  acetylcholine.  Infiltration  of  the  skin  by 
local  anesthetics  does  not  abolish  the  re¬ 
sponse— an  indication  that  the  action  is  di¬ 
rectly  on  the  sweat-gland  cells  and  not  on 
nerve  endings  or  nerve  fibers,  which  are 
blocked  by  infiltration  anesthesia.  The  di¬ 
rect  response  can  be  obtained  with  any  con¬ 
centration  of  acetylcholine  solutions  from 
1 : 50,000,000  upward. 

In  addition,  intradermal  injections  of 
acetylcholine  in  concentrations  of  from 
1:10,000  to  1:80,000  produce  still  another 
type  of  sweat  response,  distinct  and  separate 
from  the  one  described  above  (27,  156,  29). 

I  his  is  a  sudden  widespread  outbreak  of 
sweat  droplets  around  the  injection  wheal 
in  an  area  about  5  cm.  in  diameter,  with  oc¬ 
casional  isolated  groups  of  secreting  pores 
outside  the  main  responding  area.  This  re¬ 


sponse  appears  immediately,  is  fully  de¬ 
veloped  within  1-2  minutes  after  injection, 
and  can  easily  be  distinguished  from  the 
slowly  spreading  sweating  caused  by  direct 
action  on  gland  cells.  In  contrast  to  the 
latter,  the  widespread  reaction  is  abolished 
by  preceding  infiltration  anesthesia. 

The  action  of  acetylcholine  on  cells  and 
structures  with  cholinergic  innervation  is 
referred  to  as  “muscarinic  action,”  because 
this  action  is  similar  to  that  of  muscarine,  a 
poisonous  alkaloid  occurring  in  mushrooms. 
This  action  is  inhibited  by  atropinization 
and  is  greatly  enhanced  by  physostigmine 
and  other  anticholinesterases  (p.  163). 

The  widespread  sweat  reaction  is  due  to  a 
second  pharmacological  effect  of  acetyl¬ 
choline,  referred  to  as  “nicotinic  action” 
(40),  because  it  is  similar  to  the  action  of 
nicotine.  Nicotinic  actions  of  acetylcholine, 
in  general,  have  three  special  features:  (1) 
they  are  not  abolished  by  atropine;  (2)  they 
are  enhanced  by  physostigmine  to  only  a 
slight  degree;  and  (3)  the  stimulating  nico¬ 
tinic  action  of  acetylcholine  changes  into  a 
paralyzing  one  when  the  concentration  is  in¬ 
creased.  For  instance,  low  concentrations  of 
acetylcholine  stimulate  sympathetic  gan¬ 
glion  cells,  but  high  concentrations  paralyze 
them.2 

The  widespread  sweat  reaction  can  be 
elicited  with  nicotine  itself  (Fig.  10)  and 
with  other  drugs  having  nicotinic  action,  as 
well  as  with  acetylcholine.  While  acetyl¬ 
choline  has  a  dual  effect — ^muscarinic  action 

on  gland  cells,  nicotinic  action  on  nerves _ 

nicotine  elicits  only  the  sudden  widespread 
reaction. 

Evidence  has  been  presented  (27,  156, 
29)  that  the  reaction  set  up  by  drugs  with 
nicotinic  action  is  due  to  an  axon-reflex  im¬ 
pulse  (p.  170).  The  reaction  is  abolished  by 
preceding  infiltration  anesthesia;  it  is  not 
impaired  by  block  anesthesia  or  by  fresh 


not  I  '-ne  nicotinic  action  can¬ 

not  (64)  be  demonstrated  in  axon-reflex  sweating  if 
elicited  by  acetylcholine  and  never  was  claimed  to 
be  demonstrable.  It  is  easily  shown,  however  if  the 
axon  reflex  is  elicited  by  nicotine  or  a-lobelhie  (27 
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extirpated  toe  pad  of  the  cat;  but  it  is  abol¬ 
ished  when  the  postganglionic  neurons  have 
degenerated. 

Idle  cholinergic  axon-reflex  sweating  is  in 
all  respects  analogous  to  the  adrenergic 
pilomotor  axon  reflex  (101, 191,  155,  28,  156) 


Fig.  10.— Sweat  response  to  intradermal  injec¬ 
tion  of  1:100,000  nicotine  sulfate  visualized  by 
Minor’s  method.  I'rom  Coon  and  Rothman  (29). 
(Reproduced  by  permission  of  the  Williams  &  Wil¬ 
kins  Company.) 

(Fig.  11).  In  both  cases  the  effect  is  the  re¬ 
sult  of  an  impulse  involving  the  terminal 
ramifications  of  symiiathetic  fibers.  Some 
rami  are  hit  by  the  stimulus,  and  the  im¬ 
pulse  runs  in  a  centripetal  direction  until  it 
reaches  the  highest  point  of  ramilication. 
Then  it  spreads  centrifugally  over  all  the 
rami  of  the  axon.  It  is  for  this  reason  that 
this  pathway  (Fig.  12)  is  not  eliminated  by 
nerve  block  or  by  fresh  nerve  cut  above  the 
highest  point  of  ramification.  By  histologi¬ 


cally  controlled  cuts  through  the  skin  and  by 
observing  the  spread  of  the  reflex  imjiulse,  it 
could  be  shown  that  the  highest  jioint  of 
ramification  is  situated  in  the  lower  half  of 
the  corium  (28).  When  the  section  of  the 
nerve  has  caused  degeneration  of  the  axon, 
with  its  peripheral  ramification,  in  about  2 
weeks,  the  sympathetic  axon  reflexes  can  no 
longer  be  elicited  in  the  area  supplied  by  the 
degenerated  nerve,  because  the  ganglion 
cell  is  the  nutrient  center  of  the  axon  and 
some  time  after  separation  from  this  center 
the  perijiheral  axon  rami  will  die. 

The  pilomotor  resjionse  involves  adrener¬ 
gic,  and  the  sudomotor  response  involves 
cholinergic,  fibers.  'I'hey  can  be  separated 
from  each  other  either  by  eliminating  the 
‘ ;  pilomotor  response  with  adrenergic  blocking 
'•*;  agents — for  instance,  ergotamine  tartrate — 
or  by  eliminating  the  sudomotor  response 
with  cholinergic  blocking  agents — for  in- 
:  stance,  atropine.  The  nicotinic  impulse  is 

■  '  identical  in  both  instances;  but  after  the  im¬ 
pulse  has  run  centrifugally,  it  liberates  nor¬ 
epinephrine  at  pilomotor  fiber  endings  and 
acetylcholine  at  sweat  fiber  endings.  The 
blocking  agents  do  not  block  the  nerve  im¬ 
pulse  but  the  action  of  the  liberated  chemi¬ 
cal  mediators  on  the  target  organs. 

Posterior-root  (“sensory”)  fibers  are  not 
involved  in  these  sympathetic  local  reflexes. 
The  sym[)athetic  fibers  in  which  the  axon 
^  reflex  occurs  are  10-20  times  as  sensitive  to 
local  anesthetics  as  are  posterior-root 
fibers.  Therefore,  with  low  concentrations  of 
procaine,  the  sympathetic  reflexes  can  be 
abolished  without  altering  the  red-flare  axon 
reflex  of  jiosterior-root  fibers  in  response  to 

histamine  (29)  (p.  93). 

In  the  special  case  of  eliciting  the  sudo¬ 
motor  axon  reflex  by  acetylcholine,  the  re¬ 
action  is  initiated  by  the  nicotinic  action, 
but,  strangely  enough,  the  resulting  wide¬ 
spread  sweating  is  caused  by  the  muscarinic 
action  of  the  endogenously  liberated  acetyl¬ 
choline.  This  makes  understandable  the 
anomalous  situation  that,  although  nicotinic 
actions  in  general  are  not  inhibited  by  atro¬ 
pine,  the  sweat  axon  reflex  cannot  be  elici  et 
after  atropinization,  because  atropine  ac  s 
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on  the  neuroglamlular  junction  in  the  effer-  confirm  the  results  of  (Irossman  and  his  as- 
ent  limbs  of  the  reflex.  It  is  not  surprising  to  sociates  (42,  63)  under  a  great  number  ot 
find  that  axon-reflex  sweating  is  weaker  in  variable  experimental  conditions.  Further 


Fig.  11.— Pilomotor  axon-rellex  response  loan  intradermal  injection  of  a  1 ;!()(), 000  solution  of  nicotine 
sulfate.  From  Rothman  and  Coon  (Reproduced  by  (lermission  of  the  .Vmcrican  (Medical  .\ssocialion.) 


women  than  in  men  (64),  because  the  sweat 
glands  of  women  show  a  diminished  response 
to  the  muscarinic  action  of  acetylcholine 
(p.  160).  The  difference  certainly  does  not 
prove  a  sex  difference  in  nerve  conduction. 

The  highest  points  of  ramification  of  the 
arborizing  sweat  fiber  axons  behave  like 
autonomic  ganglion  cells  in  so  far  as  they 
are  stimulated  by  small  concentrations,  and 
are  paralyzed  by  large  concentrations,  of 
nicotine.  This  similarity  has  been  further 
emphasized  by  the  finding  that  the  axon 
reflex  can  be  blocked  by  tetraethylammoni- 
um  (63),  a  drug  which  is  known  to  block 
ganglionic  synapses  but  not  nerve  fibers. 
The  blocking  of  the  sweat  (and  jiilomotor) 
axon  reflex  was  observed  when  acetylcholine 
was  injected  1-2  minutes  after  infiltration  of 
the  skin  with  1  per  cent  tetraethylammoni- 
um  solution.  Although  some  negative  re¬ 
sults  also  have  been  reported  (62),  Lorinez 
(111)  in  the  author’s  laboratory  was  able  to 


1 IG.  12.  Scheme  ol  llie  axon  rellex.  .1,  ])oint  of 
recejition;  B,  highest  jioint  of  ramification;  C’,  nerve 

Rothman  and  Coon 
(  v6).  (Reproduced  by  iiermission  of  the  .\merican 
Medical  Association.) 


contirmation  has  come  recently  from  Wada 
et  at.  (189).  These  authors  have  further 
stressed  the  similarity  of  the  ramification 


172 


Physiology  and  Biochemistry  of  the  Skin 


points  to  ganglia  by  demonstrating  similar 
behavior  to  calcium,  magnesium,  and  potas¬ 
sium  salts  and  to  adrenaline  and  by  pointing 
out  that  the  sensitivities  to  acetylcholine 
and  nicotine  are  of  approximately  the  same 
order  in  the  axon  reflex  and  in  ganglia. 

In  spite  of  the  pharmacological  similarity 
of  the  “skin-nerve  units”  to  ganglion  cells 
and  in  spite  of  their  apparent  autonomy,  it 
must  be  kept  in  mind  that  these  units  are 
not  so  independent  as  the  whole  neuron  is. 
They  function  for  a  while  after  their  connec¬ 
tion  with  the  nutrient  ganglion  cell  is  sev¬ 
ered,  but,  like  any  axon,  they  degenerate 
within  2  weeks  after  the  severance  of  the 
connection. 

In  a  recent  publication  Wada  et  al.  (189) 
confirmed  the  previous  work  by  Coon  and 
Rothman  (27,  156)  on  axon-reflex  sweating 
in  all  details  and  added  some  further  data. 
They  were  able  to  elicit  axon-reflex  sweating 
by  intradermal  injection  of  hypertonic  so¬ 
dium  salts;  but  they  stated  that  sodium 
salts  must  have  a  somewhat  different  mode 
of  action  on  the  receptor  end  of  the  axon, 
because  the  reflex  produced  by  sodium  salts 
is  not  inhibited  by  tetraethylammonium. 
Whereas  the  ganglion-blocking  effect  of 
tetraethylammonium  may  be  based  on  com¬ 
petition  with  the  material  eliciting  the  irn- 
pulse  (133),  the  effect  of  sodium  chloride  is 
probably  the  result  of  a  sudden  disturbance 
of  ionic  balance  at  the  receptor  points,  and 
tetraethylammonium  is  unable  to  compete 
with  this  effect.  Potassium  salts  do  inhibit 
the  axon  reflex  elicited  by  sodium  salts. 

By  means  of  a  “double-band  method, 
inhibiting  the  spread  of  the  acetylcholine  in¬ 
jected  but  not  inhibiting  the  spread  of  the 
nervous  impulse,  Wada  el  al.  (189)  at 
tempted  to  distinguish  the  point  of  attack  of 
different  pharmacological  agents,  i.e.,  to 
establish  whether  they  act  on  the  receptor  or 
the  effector  points  of  the  axon.  They  found 
that,  with  the  exception  of  atropine,  which 
acts  on  the  neuroglandular  junction,  all  in¬ 
hibitory  effects  so  far  studied,  namely,  those 
of  procaine,  calcium,  magnesium  and  potas¬ 
sium  salts,  tetraethylammonium,  and  ad¬ 
renaline,  are  on  the  receptor  and  not  on  the 


effector  points  as  long  as  the  concentrations 
are  not  too  high.  The  apparently  different 
sensitivities  of  the  receptor  and  effector 
points  of  the  axon  led  the  authors  to  the 
tentative  conclusion  that  these  points  are 
possibly  not  identical.  But  their  results  can 
be  well  interpreted  also  by  assuming  that 
the  same  points  act  differently  according  to 
whether  they  function  as  receptor  or  effector 
points. 

The  concentrations  of  acetylcholine  re¬ 
quired  to  elicit  axon-reflex  sweating  are 
rather  unphysiologically  high.^  Still,  it  is 
possible  that  such  concentrations  are  liber¬ 
ated  in  response  to  severe  injury.  The  first 
pertinent  finding  was  the  observation  of  the 
sweat  axon  reflex  in  response  to  strong 
faradic  stimulation  of  the  skin  (17,  198). 
This  reaction  might  have  come  about  either 
by  liberation  of  unphysiologic  amounts  of 
acetylcholine  in  the  skin  or  by  direct  stimu¬ 
lation  of  nerves  without  chemical  mediation. 
In  any  case,  this  observation  indicates  that 
in  response  to  morbid  stimuli  the  sudomotor 
axon  reflex  may  very  well  occur  in  disease. 
Rothman  and  Coon  (156)  stated  that  ex¬ 
ternal  mechanical,  chemical,  thermal,  and 
electrical  stimuli  may  act  on  the  point  of 
nervous  reception,  from  which  axon  reflexes 
have  been  elicited  experimentally,  either 
directly  or  mediated  by  acetylcholine  libera¬ 
tion.  Shelley  el  al  (167)  pointed  out  that 
localized  hyperidrosis,  which  is  seen  at  the 
periphery  of  inflammatory  skin  lesions  (p. 
178),  may  well  be  the  result  of  axon  reflexes. 

The  “nicotine  test”  (intradermal  injec¬ 
tion  of  1 : 10^  nicotine  sulfate  solution  and 
observation  of  the  pilomotor  and,  or  sweat 
axon  reflex)  can  be  used  for  examining  the 
integrity  of  the  peripheral  mixed  nerve  in 
the  same  way  as  histamine  is  used.  W  hereas 
absence  of  the  histamine  flare  indicates  de¬ 
generation  of  peripheral  sensory  neurons, 
absence  of  the  pilomotor  and  sweat  reflex 
indicates  degeneration  of  peripheral  sym- 


Wada  cl  al.  (189)  have  theorized  that  even  in 
logical  sweating,  the  acetylcholine  liberated 
limulate  receptor  points  of  the  axon  refle  • 
56  of  the  quantitative  situation,  this  is  not 
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pathetic  neurons.  I  carried  out  nicotine  tests 
in  surgical  grafts  and  was  able  to  follow  with 
this  method  the  growing-in  of  pilomotor 
fibers  into  the  new  graft  (86).  H.  L. 
Arnold  used  the  reflex  for  examining  nerve 
involvement  in  patients  with  tuberculoid 
leprosy  (8,  9),  by  using  acetylcholine  and 
metacholine,  and  found  it  in  some  respects 
superior  to  the  histamine  test.^ 

So  far,  experimentation  to  dampen  sym¬ 
pathetic  axon  reflexes  by  large  paralyzing 
doses  of  a-lobelin  (29)  or  by  the  newer 
“antinicotinic”  drugs  with  curare-like  ac¬ 
tion  (111)  have  been  unsuccessful.  Clinical 
utilization  of  tetraethylammonium  and 
similar  ganglion-blocking  bases  has  not  yet 
been  tried. 


C.  INTRASYMPATHETIC  REFLE.X 
SWEATING 

That  an  intrasympathetic  sweat  reflex 
exists  was  demonstrated  by  H.  C,  Schwartz 
(162)  in  1934.  After  severing  the  central 
connections  in  the  cat  and  dog,  he  removed 
all  branches  of  the  stellate  ganglion  except 
one  gray  ramus;  the  posterior  roots  also 
were  severed.  Under  such  conditions  he  ob¬ 
tained,  on  adequate  peripheral  stimulation, 
decreased  skin  resistance  on  the  forepaw,  a 
sign  of  sweat-gland  stimulation.  This  elTect 
was  elicited  by  pressure,  and  therefore 
Schwartz  assumed  that  the  impulse  origi¬ 
nated  in  blood  vessel  walls.  The  afferent 
fiber  carried  the  impulse  through  the  gray 
ramus  to  its  cell  of  origin  in  the  stellate  gan¬ 
glion.  There  a  synaptic  relay  transferred  the 
impulse  to  the  efferent  neuron  (Fig.  13). 

Whether  such  a  reflex  can  be  elicited 
from  more  superficial  structures  is  not 
known.  Also,  whether  the  afferent  and  ef¬ 
ferent  axons  are  actually  different  structures 
or  whether,  as  in  the  axon  reflex,  the  impulse 
runs  centripetally  and  centrifugally  in  the 
same  pathways  remains  to  be  investigated. 


4.  See  also  Arnold’s  recent  report  at  the 

AraT<rTTh‘^°!l®''“*  ““'"‘‘“’'osy  (H 

Arnold  Jr.,  The  pilomotor  response  to  intraderr 

injected  nicotine:  an  aid  in  excluding  the  diagno 

leprosy,  Excerpta  med.,  Sec.  XIII,  6:327  1952 


In  any  case,  the  existence  of  such  an  intra¬ 
sympathetic  reflex  seems  to  be  highly  sig¬ 
nificant  for  the  physiology  of  sweating. 


D.  GENERALIZED  REFLEX  SWEATING 
(diencephalic  and  CORTICAL 
reflex) 

1.  Ejfferent  Pathways 

According  to  Guttmann  and  List  (46), 
the  efferent  pathway  consists  of  five  neurons 
extending  (1)  from  cortex  to  hypothalamus, 
(2)  from  hypothalamus  to  the  medulla,  (3) 


Fig.  13. — Scheme  of  mechanism  responsible  for 
the  intrasympathetic  reflex,  showing  an  afferent 
fiber  with  its  cell  body  in  the  stellate  ganglion.  R.c.g., 
ramus  communicans  griseus;  R.c.a.,  ramus  communi- 
cans  albus.  From  Schwartz  (162).  (Reproduced  by 
permission  of  the  author  and  the  American  Physio¬ 
logical  Society.) 


from  the  medulla,  partly  crossed,  partly  un¬ 
crossed,  to  the  lateral  horn  of  the  spinal 
cord,  (4)  from  the  lateral  horn  to  sympa¬ 
thetic  ganglia,  and  (5)  from  sympathetic 
ganglia  to  sweat  glands.  According  to  these 
authors  (46),  the  main  adequate  stimuli  are 
psychic  for  the  first  neuron,  thermal  for  the 
second,  gustatory  for  the  third,  and  non- 
thermal  skin  stimuli  for  the  fourth  and  fifth. 
Actually,  the  number  of  neurons  and  path¬ 
ways  beUveen  cortex  and  spinal  cord  are  far 
from  being  clearly  established  (113,  107). 
However,  the  scheme  of  Guttmann  and  List 
indicates  the  pathways  of  efferent  impulses 
in  broad  lines. 

Sweating,  like  other  autonomic  functions 
has  a  cortical  representation  in  the  premotor 
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area,  also  called  “area  6  of  Brodmann”  or 
“area  frontalis  agranularis”  (113).  When 
this  area  of  the  cortex  is  destroyed  in  the 
cat,  no  sweating  can  be  induced  on  the 
contralateral  side  by  “emotional”  stimuli, 
such  as  a  loud  whistle  or  tapping  on  the 
nose  (163).  The  cortical  representation  ac¬ 
counts  in  man  for  the  purely  “mental” 
sweating.  Stimulation  of  the  cortex  by 
sensory  stimuli  acting  on  the  conscious  psy¬ 
chic  sphere  elicits  sweating  primarily  on 
palms  and  soles  but  eventually  all  over  the 
body  surface. 

However,  the  cortical  connections  of  the 
sweat  pathways  are  by  no  means  necessary 
to  elicit  generalized  reflex  sweating.  The 
subcortical  centers  suflice  to  perform  this 
task  if  the  sensory  stimuli  are  sufficiently 
intense.  In  Schwartz’s  experiments  (163), 
cats  with  destroyed  premotor  area,  although 
not  responding  to  jmrely  frightening  sensory 
stimuli,  did  respond  with  sweating  to  strong 
pressure  of  the  forelimbs  or  to  pinching  of 
the  tail.  Thus  no  sharp  border  line  can  be 
drawn  between  mental  and  nonmental 
sweating,  as  it  is  impossible  clearly  to  sepa¬ 
rate  conscious  and  subconscious  events  in 
general.  This  becomes  particularly  evident 
from  the  fact  that  in  the  so-called  “premotor 
syndrome”  of  man,  in  which  only  emotional 
sweating  should  be  disturbed,  lack  of  sweat¬ 
ing  on  the  contralateral  side  was  observed 
also  in  response  to  environmental  heat  (80, 
79). 

The  subcortical  centers  of  sweating  are 
situated  in  the  hypothalamus,  which  acts  as 
a  thermostat,  regulating  body  temperature. 
In  a  long  series  of  classical  physiological 
experiments  Ranson  and  his  associates  (I'SO, 
114,  24)  dealt  with  this  function  of  the 
hypothalamus  and  with  the  exact  localiza¬ 
tion  of  the  centers.  With  the  hyjiothalamus 
intact,  the  homeostatic  thermoregulation  of 
mammals  is  well  maintained,  in  spite  of 
destruction  of  higher  centers  (p.  244).  Wang 
and  Richter  (193)  dealt  with  the  [lossible 
role  of  the  tuber  cinereum  as  a  subcortical 
sweat  center. 

Hypothalamic  efferent  sweat  impulses 
descend  in  the  brain  stem,  both  crossed  and 


uncrossed  (107).  Disturbances  of  sweat  se¬ 
cretion  in  lesions  of  the  pons  indicate  path¬ 
ways  from  the  diencephalon  to  the  cord  via 
the  pons,  with  crossings  in  its  oral  parts 
(107).  Frontopontile  and  temporoiiontile 
tracts  were  found  to  be  involved  also  in 
physiological  experiments  (98).  Some  of  the 
crossing  seems  to  occur  below  the  stem  in 
the  spinal  tracts  (14)  (Fig.  14).  In  the  me¬ 
dulla  most  fibers  travel  through  the  lateral 
reticulospinal  tract  (107).  Some  evidence 
was  presented  for  the  participation  of  py¬ 
ramidal  tracts  in  the  efferent  pathways  of 
sweat  impulses  (78).  In  the  cord  new  neu¬ 
rons  start  in  the  lateral  horn  (see  Fig. 
14).  They  form  the  myelinated  preganglionic 
fibers  of  the  descending  sweat  pathways  and 
descend  in  the  lateral  and  anterolateral 
columns  (14).  They  leave  the  cord  through 
the  anterior  roots,  pass  through  the  white 
rami  communicantes,  and  end  up  synapsing 
within  the  sympathetic  ganglia.  From  the 
point  of  view  of  cutaneous  reactions  it  is  re¬ 
markable  that  it  was  possible  to  separate 
experimentally  the  pathways  of  sweat  and 
pilomotor  impulses  in  the  mid-brain  and  in 
the  cord  (14,  15).  Physiologically,  too,  the 
impulses  in  the  sympathetic  pathways,  in¬ 
cluding  the  sympathetic  vasoconstrictor  im¬ 
pulse,  are  independent  of  one  another. 
Clinically,  although  they  often  appear  syn¬ 
chronously,  they  can  well  be  separate. 
Whereas  thermoregulatory  sweat  is  not  con¬ 
nected  with  vasoconstriction  or  pilomotion, 
such  an  association  can  be  observed  in  “cold 
sweat.”  The  simple  fact  that  there  are 
“warm”  sweat  and  “cold”  sweat  (sweat 
with  and  without  cutaneous  hyperemia) 
sufficiently  indicates  the  mutual  independ¬ 
ence  of  sympathetic  impulses  to  the  skin. 
The  postganglionic  nonmyelinated  fibers 
originate  in  the  ganglion  cells  of  the  sympa¬ 
thetic  chain.  They  pass  through  the  gray 
rami  communicantes  to  join  the  peripheral 
mixed  nerve  and  end  with  multiple  ramifica¬ 
tions  around  the  sweat-gland  coils. 

On  direct  stimulation  of  any  part  of  this 
efferent  pathway,  acetylcholine  is  liberated 
at  the  sweat  fiber  endings,  which,  m  turn, 
cause  secretion  of  sweat  (32). 
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There  has  been  much  discussion  about 
the  existence  of  parasympathetic  cranial  and 
spinal  cholinergic  sweat  hbers,  in  addition  to 
sympathetic  fibers,  because  of  sweating  ob¬ 
served  after  interruption  of  symj)athetic 
pathways  (93).  List  and  Peet  (105)  observed 
persistence  of  sweating  on  the  head  after 
interruption  of  all  sympathetic  fibers  sup¬ 
plying  the  head  from  the  superior  cervical 
ganglion.  They  saw  complete  anidrosis  only 
after  denervation  of  branches  of  the  trigem¬ 
inal  nerve.  However,  these  authors  con¬ 
sidered,  with  good  reason,  the  fact  that  the 
head  is  richly  supplied  with  other  (non- 
sudomotor)  cholinergic  fibers,  and  thought 
it  possible  that  acetylcholine,  liberated  at 
the  endings  of  these  fibers,  may  diffuse  to 
sweat  glands  and  stimulate  them  in  an  in¬ 
direct  way.  The  cholinergic  fibers  in  question 
are  probably  identical  with  the  efferent 
vasodilator  posterior-root  fibers  (105).  Al¬ 
together,  nonsympathetic  innervation  of 
sweat  glands  (parasympathetic  fibers  pass¬ 
ing  the  anterior  roots,  as  suggested  by  Kure 
[93J)  has  not  been  proved  conclusively. 

From  neurological  experiments  in  man, 
Foerster  (36)  concluded  that  dorsal  roots 
carry  fibers  which  inhibit  sweating.  Such  in¬ 
hibition  by  “sensory  fibers”  was  not  found, 
however,  in  animals  either  by  Langley  (95) 
or  by  Schilf  and  Mandur  (161). 


2.  Afferent  Pathways 


In  thermoregulatory  sweating,  general 
sweat  outbreak  is  effected  in  two  ways:  (1) 
warmed  blood,  arriving  from  the  periphery 
to  the  brain,  stimulates  hypothalamic  ther¬ 
moregulatory  centers,  and  (2)  afferent  nerve 
impulses,  arriving  from  the  periphery,  stim¬ 
ulate  the  same  centers  via  a  long  reflex 
mechanism. 


The  operation  of  the  first  mechanism 
been  proved  beyond  doubt  many  tin 
However,  it  is  often  questioned  whether 
second  mechanism  actually  operates.  ()i 
nally,  Filehne  (35)  thought  that  cutane 
warmth  receptors  initiate  a  sweating  re 
via  the  central  thermoregulatory  appara 
because  he  observed  that  thermoregulat 
sweating  is  abolished  by  placing  the  ha 


in  cold  water,  although  the  body  temiiera- 
ture  is  not  changed  by  this  jirocedure. 
Filehne  thought  that  this  observation 
proved  the  nervous  mechanism  of  general¬ 
ized  sweating  and  of  its  inhibition.  Con¬ 
trariwise,  Hill  (53)  maintained  that  even  if 
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Fig.  14.— Diagram  to  show  the  probable  jiath- 
ways  of  thermoregulatory  sweating  (hypothalamo- 
tegmental  and  reticulospinal  connections).  From 
List  and  Peet  (107).  (Reproduced  by  i)ermission  of 
Dr.  List  and  the  American  Medical  -Association.) 


the  rectal  temperature  is  not  changed  by 
cooling  the  hands,  the  blood  is  being  cooled 
and  therefore  afferent  nervous  impulses 
need  not  be  assumed.  Adolph,  too  (3) 
thought  “reflex”  sweating  does  not  come 
trora  a  nervous  reflex  but  exclusively  from 
an  increase  in  the  heat  content  of  the  body. 
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Careful  experiments  carried  out  in  Kuno’s 
(90)  laboratory  have  left  little  doubt  that 
long  reflexes  eliciting  general  sweat  out¬ 
break  do  exist.  In  contrast  to  Hill,  Kuno’s 
associates  found  that  even  if  the  cooled  limb 
is  cuffed  so  that  cooled  blood  cannot  reach 
the  center,  there  is  inhibition  of  sweat  out¬ 
break  by  cooling  an  extremity,  Kuno  also 
showed  that  sweating  may  occur  even  with 
rectal  temperatures  falling  and  without  any 
increase  in  blood  temperature.  Randall  et  at. 
(141,  142)  showed  that  if  one  limb  is  heated 
and  its  circulation  occluded,  reflex  sweating 
still  takes  place. 

That  this  long  reflex  originates  in  the 
warmth  receptors  of  the  skin  has  lately  been 
questioned  by  Issekutz  et  at.  (62).  These 
authors  first  experimented  with  capsaicine 
(an  irritant  rubefacient  extract  from  Capsi¬ 
cum  annuum),  which  on  local  application 
decreases  the  threshold  of  w'armth  percep¬ 
tion.  When  an  area  treated  with  capsaicine 
is  heated,  there  is  an  unusually  intense 
warmth  sensation.  Nevertheless,  such  treat¬ 
ment  does  not  facilitate  reflex  sweating  in 
any  respect.  Second,  the  authors,  applying 
cocaine  by  iontophoresis,  created  a  situation 
in  which  there  was  complete  analgesia  and 
anesthesia  but  in  which  perception  of 
warmth  was  not  abolished.  Such  a  condition 
can  be  produced  easily,  because  the  heat 
receptors  are  deep-seated  and  the  myeli¬ 
nated  fibers  of  the  thermoreceptor  system 
are  relatively  insensitive  to  local  anesthet¬ 
ics.  If  such  areas  were  heated,  no  reflex 
sweating  could  be  elicited.  The  conclusion 
was  that  thermoreceptors  do  not  participate 
in  eliciting  long  reflex  sweating.  This  con¬ 
clusion  is  supported  by  the  observation  that 
very  gradual  heating,  which  does  not  cause 
heat  sensation  because  of  adaptation  (p. 
130),  is  fully  effective  in  eliciting  general 

sweating  (90). 

Therefore,  other  than  thermoreceptor 
sensory  pathways  of  reflex  sweating  must  be 
considered.  The  fact  that  these  jmthways 
are  easily  blocked  by  local  anesthetics  in  the 
skin  indicates  that  probably  thin,  non¬ 
myelinated  fibers  carry  the  impulse  from  the 
skin  centrally.  There  are  two  such  sets  of 


fibers  in  the  skin:  the  thin,  pain-perceiving 
C  fibers  of  Gasser  and  Erlanger  (33)  and 
sympathetic  fibers.  Pain-perceiving  fibers 
can  be  ruled  out  on  the  basis  that  reflex 
sweating  is  not  connected  with  pain  sensa¬ 
tion.  Also,  Issekutz  et  at.  (62)  found  that  in 
partial  cocainization,  with  the  pain  sense 
still  not  paralyzed,  no  reflex  sweating  could 
be  elicited  from  the  cocainized  areas.  This 
observation  points  to  the  possible  role  of 
sympathetic  fibers. 

There  are  two  experimental  observations 
suggesting  that  the  centripetal  limb  of  the 
reflex  arc  in  reflex  sweating  is  constituted  of 
sympathetic  fibers,  possibly  the  same  fibers 
which  also  carry  the  impulse  centrifugally. 
Schwartz  (162)  in  1934  demonstrated  a  spe¬ 
cial  type  of  reflex  sweating  which  took  place 
entirely  within  the  sympathetic  nervous 
system,  with  both  afferent  and  efferent  im¬ 
pulses  passing  through  the  gray  ramus  com- 
municans  to  and  from  the  stellate  ganglion 
(p.  173).  Coon  and  Rothman’s  experiments 
(29)  on  reflex  sw'eating  revealed  that  the  re¬ 
flex  is  abolished  by  dilutions  of  procaine  of 
1 : 1,0()(),0()0,  a  dilution  which  does  not  para¬ 
lyze  pain  fibers  but  does  paralyze  sympa¬ 
thetic  fibers.  The  axon-reflex  sweating  phe¬ 
nomenon  can  hardly  be  explained  in  any 
other  way  than  by  the  assumption  that  an 
impulse  ascends  centripetally  from  the  stim¬ 
ulated  points  of  axon  rami  and  then  returns 
from  the  highest  point  of  ramification  to  all 
the  stimulated  and  nonstimulated  rami  of 
the  very  same  axons.  The  axon-reflex  sweat¬ 
ing  phenomenon  clearly  indicates  that  pe¬ 
ripheral  sympathetic  sweat  fibers  may  carry 
afferent  impulses. 

However,  it  should  be  emphasized  that 
nothing  definite  is  known  about  the  afferent 
pathways  of  the  general  sweating  reflex. 
Even  if  it  should  be  shown  in  the  future  that 
the  afferent  path  below  the  sympathetic 
ganglion  is  the  same  as  the  efferent  one,  its 
further  course  toward  the  diencephalon 
would  still  remain  to  be  explored.  The  at- 
ferent  pathways  through  which  “mental  or 
“emotional”  sweating  is  elicited  are  o  vi- 
ously  sensory  in  nature  (visual,  auditory, 
cutaneous,  etc.).  “Emotional”  sweating  may 
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also  develop  from  primary  mental  processes 
(for  instance,  by  mental  effort  in  arithme¬ 
tic  or  by  imagination  without  any  demon¬ 
strable  sensory  stimulus),  in  which  case  no 
reflex  process  is  postulated  but  a  purely 
efferent  impulse  is  operating. 

E.  THERMAL  VERSUS  SENSORY  AND 
MENTAL  STIMULI 

Seemingly  identical  structures  in  the  skin 
often  display  considerable  differences  in 
their  responses  to  identical  stimuli.  Charac¬ 
teristic  examples  are  the  different  effects  of 
male  sex  hormones  on  scalp  hair  growth  as 
contrasted  with  body  hair  (p.  626)  or  the 
selective  pigmentogenic  effect  of  estrogenic 
hormone  on  the  areola  of  the  nipples,  mid¬ 
line  of  abdomen,  and  genitalia  (p.  547).  The 
selective  responsiveness  of  palmar  and  plan¬ 
tar  sweat  glands  to  sensory  (and  mental) 
stimuli,  as  contrasted  with  their  relative¬ 
ly  sluggish  response  in  thermoregulatory 
sweating,  is  a  similar  phenomenon.  Kuno 
(90)  dealt  in  great  detail  with  this  selectiv¬ 
ity,  and  great  significance  has  been  attached 
to  it  in  the  literature  on  the  galvanic  skin 
reflex  (113). 

On  moderate  thermal  stimulation  the  ec- 
crine  glands  of  the  palms  do  not  respond  at 
all  (60).  On  more  intense  heating,  palms  and 
soles  are  the  last  regions  to  show  visible 
sweating  (61).  The  axillary  glands  take  an 
intermediate  position.  According  to  Kuno, 
they  do  respond  to  thermal  stimulation 
much  earlier  than  palmar  glands;  but  they 
start  to  sweat  relatively  late,  and,  at  the 
initial  phases  of  heating,  sweating  is  less 
pronounced  there  than  on  the  body  surface 
generally.  Later  in  the  course  of  thermo¬ 
regulatory  sweating,  the  flow  of  sweat  from 
the  axillae  becomes  quite  profuse  (90) 
Herrmann  el  at.  (51)  found  much  prompter 
response  of  axillary  glands  to  thermal  stim¬ 
ulation  than  Kuno  did. 

On  mental  and  sensory  stimulation,  pal¬ 
mar  and  plantar  sweat  glands  respond  first 
and  immediately;  and  if  the  mental  stimulus 
IS  weak,  no  other  glands 
Sometimes,  however,  it  is  fou 
glands  respond  to  mental 


respond  (84). 
d  that  axillary 
stimulation  as 


easily  as  do  palmo-plantar  glands  (92).  In 
this  respect  there  seem  to  be  considerable 
individual  variations  (90).  Glands  of  the 
forehead  also  respond  to  mental  stimuli, 
though  the  response  is  weaker  than  on 
palms  (90).  In  cases  of  extreme  mental  ex¬ 
citement  or  violent  sensory  stimulation 
there  is  a  general  and  profuse  outbreak  of 
sweat  (90).  Thus  it  is  quite  obvious  that,  al¬ 
though  palmo-plantar  and  axillary  glands 
are  more  responsive  to  sensory  (and  mental) 
stimuli  and  glands  of  all  other  parts  more 
responsive  to  heat,  the  difference  is  only 
quantitative.  Both  types  of  glands  appar¬ 
ently  respond  to  both  types  of  stimuli,  but 
in  different  degrees. 

For  the  axilla  it  is  characteristic  that, 
once  the  individual  shows  slight  sweating 
response  to  mental  stimuli,  the  response  to 
thermal  stimuli  is  also  slight.  Apparently 
the  very  same  glands  respond  to  both  types 
of  stimulation  according  to  their  innate 
ability  to  sweat.  The  problem  of  whether  the 
apocrine  glands  respond  only  to  mental 
stimulation  is  discussed  on  page  183. 

Characteristically,  Kuno  (90)  found  that, 
at  moderately  warm  environmental  tem¬ 
peratures,  moderately  intense  mental  stim¬ 
uli  can  cause  general  sweating  much  more 
easily  than  in  the  cold.  This  again  shows  the 
role  of  conditioning”  of  sweat  glands  to  any 
type  of  stimulation  (p.  164).  Conditioning  is 
achieved  also  by  habitual  mechanical  stimu¬ 
lation.  Kuno  (90)  pointed  out  that  palms 
and  soles  sweat  most  abundantly  in  pressure 
areas.  One  may  speculate  that  this  is  the 
cause  of  the  predominance  of  right-palm 
involvement,  for  instance,  in  Trichophyton 
purpureum  infections  of  the  palms  (154). 

Mental  sweating  is  characterized  by  its 
quite  immediate,  sudden  appearance,  as 
contrasted  with  thermoregulatory  sweating 
which  even  in  the  case  of  sudden  intense 
heating  may  have  a  latent  period.  This  of 
course,  might  be  due  to  the  fact  that,’  in 
hermal  sweating,  time  is  required  to  raise 
the  temperature  of  the  skin  (and  blood)  to 
the  critical  level,  whereas  mental  sweating 

appears  as  suddenly  as  nerve  conduction 
rate  permits. 
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F.  DISTURBANCES  OF  SWEAT  SECRETION 
IN  DISEASES  OF  THE  CENTRAL 
NERVOUS  SYSTEM 

Cortical  lesions  in  the  parietal  area  often 
cause  contralateral  hyperidrosis  (on  the  side 
of  motor  paralysis).  It  is  not  clear  whether 
this  is  due  to  irritation  of  the  diseased  corti¬ 
cal  center  or  to  the  release  of  cortical  inhibi¬ 
tion  on  subcortical  centers  (102).  The  latter 
is  more  probable. 

That  there  is  inhibition  from  superordi- 
nated  centers  seems  to  be  well  established  by 
the  phenomenon  of  drenching  perspiration 
in  severe  transverse  lesions  of  the  spinal 
cord  (108).  This  is  part  of  a  spinal  mass- 
refle.K,  usually  associated  with  piloerection, 
automatic  bladder,  spinal  defense  move¬ 
ments,  etc.,  and  is  due  to  the  liberation  of 
intact  spinal  centers  from  the  inhibitory  in¬ 
fluence  of  supraspinal  levels.  The  reflex  can 
be  activated  by  a  great  number  of  visceral 
and  somatic  stimuli,  such  as  distention  of 
the  bladder,  change  in  the  position  of  the 
bowels,  pinpricks,  thermal  agents,  etc.  Even 
subthreshold  stimuli  may  set  up  a  constant 
excitatory  state  in  the  autonomous  stump  of 
the  cord,  with  resulting  mild  “spontaneous” 
hyperidrosis.  The  relay  of  the  reflex  is  in  the 
lateral  horn  cells,  and  the  efferent  pathway 
is  the  same  as  that  of  physiological  sweating. 
Thermoregulatory  sweating  can  be  elicited 
only  in  the  segments  above  the  transverse 
lesion,  where  it  is  mediated  by  the  intact 
proximal  part  of  the  cord."''  Thus  spinal 
sweating  and  thermoregulatory  sweating 
are  reciprocal,  though  not  entirely  so. 

Observing  transverse  lesions  in  different 
levels  of  the  cord.  List  and  Pimenta  (108) 
were  able  to  map  out  sympathetic  derma¬ 
tomes  which  do  not  correspond  to  the  well- 
known  sensory  dermatomes.  The  sympa¬ 
thetic  dermatomes  are  larger  and  show 

more  overlap.  ,  . 

Foerster  (36)  listed  the  following  sj)mal 
segments  sui>plying  cliflferent  regions  of  the 
skin  surface  with  sweat  fibers: 


Head,  neck, 

chest . Cs-Lb 

Ui^pcr  limbs.  .  .H5-L7 


Lower  part  of 

trunk ...  .'^bov'e  Dg 

Lower  limbs .  .  .  I)9-L2 


According  to  List  and  Peet  (104),  the 
preganglionic  sweat  fibers  supplying  the 
different  parts  of  the  body  originate  in  the 
following  segments: 

Head . l)i-L)4  Trunk . D5-D12 

Upper  extremi-  Lower  extremi¬ 
ties . 1)4-!)  7  ties . H10-L3 

Hyperidrosis  in  the  spinal  mass-reflex 
may  be  so  excessive  that  it  becomes  the  pre¬ 
dominant  and  most  annoying  symptom. 
The  patient  may  become  reconciled  to  motor 
paralysis,  automatic  bladder,  and  defense 
movements  but  cannot  tolerate  the  drench¬ 
ing  perspiration.  Pre-  or  postganglionic  sym¬ 
pathectomy  is  the  only  effective  treatment 
(108). 

If  the  efferent  pathway  of  sweating  is 
interrupted  by  circumscribed  lesions  of  the 
central  or  the  peripheral  nervous  system, 
circumscribed  anidrosis  results.  Testing  the 
localization,  shape,  and  extent  of  the  ani- 
drotic  area,  either  by  direct  testing  of  ther¬ 
moregulatory  sw'eating  ability  wdth  indi¬ 
cators  or  by  measuring  skin  resistance,  has 
become  an  important  diagnostic  tool  in 
neurology  and  neurosurgery.  From  the  der¬ 
matological  point  of  view,  it  is  important  to 
know  that  the  activity  of  sweat  glands  sur¬ 
rounding  anidrotic  areas  is  increased.  There 
is  a  so-called  “border  line”  or  “perilesion- 
ary”  hyperidrosis  in  anidrosis  of  nervous 
origin  (108),  as  w^ell  as  in  inflammatory  skin 
lesions  and  in  the  sweat-retention  syndrome 
(p.  281).  The  mechanism  of  this  “com¬ 
pensatory”  hyperidrosis  is  not  understood, 
but  i)Ossibly  it  is  of  axon-reflex  origin  (p. 
172). 

G.  GUSTATORY  SWEATING 

Some  normal  persons,  when  tasting  spicy 
or  acid  food  or  in  some  instances  some  par¬ 
ticular  food,  such  as  chocolate,  display  some 
visible  sweating  over  the  lips,  nose,  naso¬ 
labial  folds  (Fig.  15)  and  sometimes  even 
over  the  whole  face  and  head.  This  sweating 
is  accompanied  by  flushing  of  the  involved 
areas,  d'he  response  apjiears  immediately  on 
tasting  the  foodstuff  and  disappears  rapidly 
on  cessation  of  eating.  In  some  cases  the 
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phenomenon  could  be  produced  as  a  condi¬ 
tioned  reflex  by  merely  showing  the  specific 
offending  foodstuff  to  the  susceptible  sub¬ 
ject  (106).  This  gustatory  hyperidrosis  is  a 
rare  condition  in  normals  and  is  more  fre¬ 
quently  seen  in  hot  climates. 

However,  it  is  fairly  often  seen  in  (1) 
diseases  of  the  central  nervous  system,  such 
as  syringomyelia  and  encephalitis;  (2)  after 
cervical  sympathetic  section;  and  (3)  after 
local  trauma  or  disease,  particularly  in  the 
region  of  the  parotid  gland  following  sup¬ 
purative  and  cicatrizing  processes.  In  the 
latter  situation  the  “auriculotemporal  syn¬ 
drome”  of  Frey  (38,  186)  is  a  stereotypically 
localized  gustatory  hyperidrosis  in  the  dis¬ 
tribution  of  the  auriculotemporal  nerv^e  and 
its  anastomotic  branches  with  the  facial 
nerve  (Fig.  16). 

There  have  been  many  interpretations  of 
this  phenomenon;  they  were  reviewed  by 
Langenskiold  (94).  It  certainly  is  associated 
with  the  salivary  reflex.  The  afferent  limb  of 
this  reflex  consists  of  gustatory  sensory  fi¬ 
bers  of  the  glossopharyngeal  nerve,  and  the 
efferent  fibers  are  the  secretory  fibers  of  the 
glossopharyngeal  nerve,  chorda  tympani, 
and  auriculotemporal  nerve.  The  salivary 
reflex  is  a  cholinergic  impulse,  and  it  was  as¬ 
sumed  that  e.xcessive  amounts  of  acetyl¬ 
choline  liberated  by  the  parasympathetic 
cholinergic  fibers  of  the  efferent  limb  of  the 
reflex  may  diffuse  to  sweat  glands  and  stim¬ 
ulate  them  (106).  This  supposition  is  sup¬ 
ported  by  the  fact  that  in  a  great  number  of 


cases  gustatory  sweating  appears  in  an  are 
of  the  head  in  which  the  postganglion 
sweat  fibers  have  degenerated.  If  the  swee 
glands  of  the  head  are  denervated,  they  ai 
sensitized  to  acetylcholine  and  respond  e: 
cessively.  Idfis  e.xaggerated  resi)onsivene< 
was  directly  demonstrated  by  local  injec 
turns  of  acetylcholine  and  pilocarpine  int 
areas  ot  gustatory  hyperidrosis  (94)  I 
cases  developing  after  traumatization  of  th 
parotid  gland,  it  is  assumed  that  the  sea 
maintains  a  state  of  irritation  of  the  nor 
sudoriferous  cholinergic  fibers  which  pre 
duce  acetylcholine  in  excess.  In  this  forr 
sympathetic  sudomotor  fibers  are  not 


sadly  damaged:  reflex  heat  sweating  of 
these  areas  may  be  normal. 

In  my  opinion  it  is  improbable  that  excess 
acetylcholine  would  diffuse  from  the  parotid 
gland  into  the  skin  without  being  decom- 
jiosed  on  its  way  there.  However,  the  irri¬ 
tated  nerve  in  the  efferent  limb  of  the  sali¬ 
vary  reflex  also  has  cutaneous  branches  (e.g., 
in  the  auriculotemporal  nerve),  which,  on 


I’lG.  1 5. —Gustatory  sweating  in  a  normal  indi- 
VKlual.  Redrawn  from  List  and  Peet  (103).  (Repro- 
duced  by  permission  of  Dr.  List  and  the  -American 
-Medical  -Association.) 

irritation,  liberate  acetylcholine  in  the  skin. 
Diffusion  of  excess  acetylcholine  within  the 
skin  to  sw'eat  glands  is  feasible.  Excess 

acetylcholine  may  also  be  resi)onsible  for  the 
flushing. 


^  *  — w  w*  v*inuoiuii  CXC0SS 

acetylcholine  to  sensitized  denervated  gland 

I'Lf  'mf-  observations  of  Haxton 

).  This  author  observed  gustatory  hy¬ 
peridrosis  in  a  number  of  cases  after  cervical 
sympathectomies  and  found  that  the  phe- 

IouT'd”  '^''^^Pletely  abolished  by 

lo^^er  thoracic  sympathetic  procaine  block^ 
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So  far,  this  observation  has  remained  un¬ 
explained. 

A  most  peculiar  case  of  unilateral  gusta¬ 
tory  hyperidrosis  on  the  left  knee  in  an  in¬ 
fant  was  recently  reported  by  Mellinkoff 


and  Mellinkoff  (118).  Another  recent  ob¬ 
servation  that  gustatory  hyperidrosis  can  be 
elicited  by  subcutaneous  histamine  injec¬ 
tions  and  inhibited  by  antihistaminic  drugs 
(182)  is  also  difficult  to  interpret. 


Flo.  16.-Area  of  vasodilatation  in  left  auriculotemporal  syndrome  following 
Redrawn  from  List  ami  Pect  (1061,  (Reproduced  by  pernusston  of  Dr,  List  ami  the  .tmencan 

.\ssociation.) 


VIll.  APOCRINK-GL.AND  SfX'RETION 


A.  GENERAL 

Apocrine  glands  were  first  described  by 
Horner  in  1846  (58).  They  were  rediscovered 
and  called  “apocrine”  glands  in  1622  by 
Schiefferdecker  (160).  In  contrast  to  ecenne 
glands,  which  are  independent  ai)pendages 
developing  from  the  epidermis,  apocrine 
glands  develop  from  the  follicular  epithelium 
of  the  hair,  as  do  sebaceous  glands  (1/7). 

Racial  differences  in  distribution  were 
described,  and  it  was  claimed  that  the  fewer 
the  apocrine  glands  present,  the  greater  the 
racial  superiority  (!)  (160).  This  contention 
however,  was  refuted  when  it  was  found 
that  the  individual  variations  m  the  apo¬ 


crine/'eccrine  relationship  in  the  pubic, 
mammary,  and  anal  areas  are  so  great  that 
it  can  hardly  be  used  for  purposes  of  racial 
differentiation  (200).  Certainly,  with  the 
phylogenetic  develofiment  of  man,  the  apo¬ 
crine  glands,  paralleling  the  gradual  decline 
of  the  hair  system,  have  become  rudimen¬ 
tary  in  most  places,  while  the  eccrine  glands 
have  developed  to  a  most  perfect  system.  In 
most  mammals  eccrine  glands  occur  only  m 
the  hairless  regions,  viz.,  the  foot  puds,  n 
some  apes  they  are  scattered  over  the  body 
surface  (60).  But  in  man  they  are  present  all 

over  the  surface  and  represent  vitally  im¬ 
portant  tools  of  heat  regulation,  enabling 
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him  to  live  in  extremely  hot  climates.  A[)o- 
crine  glands  have  taken  an  opjwsite  course 
of  development. 

According  to  the  classical  view,  apocrine 
glands  take  an  intermediate  position  be¬ 
tween  true  secretory  (or  merocrine)  and 
holocrine  glands.  The  luminal  secretory  cells 


of  true  secretion  and  also  discharging  cellu¬ 
lar  particles  (bO,  121,  200). 

'riiis  time-honored  view  was  recently 
challenged  by  Shelley  and  Hurley  (166,  168, 
170).  These  authors — the  first  investigators 
to  study  i)ure  apocrine  secretion  by  collect¬ 
ing  the  product  of  single  glands  in  glass 


Observe  cai,illa?y  tube  ollnlng^  as  glistening  caps  about  hair  follicle 

(1/0).  (Rej)ro(luced  by  per„.L".7o' 


form  lingual  protuberances  into  the  lumen  • 
these  projections  are  ruptured  or  torn  off 
and  discharged  into  the  lumen  with  their 
protoplasm,  globules,  granules,  and  some¬ 
times  even  nuclei.  Most  cells,  however  are 
not  ruined  by  this  process.  They  re-form’and 

peat  until  „e«-  cellular  processes  are 
fomted.  According  to  this  view,  supported 
solely  l,y  histological  observations,  apocrine 
g  ands  function  in  two  ways,  being  cajiabie 


micropi[)ettes-  found  that  apocrine  sv 
IS  a  milky,  whitish  or  grayish,  someti 
yellowish,  secretion,  which,  if  not  dilutee 
eccrine  sweat,  dries  like  glue  to  form  a  li 
colored  plastic  solid  (Fig.  17).  it  usu 
does  not  take  the  form  of  a  spherical  dror 
as  eccrine  sweat  does,  but  forms  a  someu 
adherent  cap  on  top  of  the  orifice.  In  s< 
instances  it  spreads  over  the  perifollici 
skin  in  a  thin  film  without  any  convex 
he  total  volume  of  the  “droplet”  ma> 
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as  little  as  0.001  ml.  Consistency  and  color 
show  great  individual  variations.  Aj)ocrine 
sweat  droplets  fluoresce  (Fig.  18);  eccrine 
droplets  do  not. 

On  adequate  stimulation  (epinephrine, 
emotional  or  painful  stimuli)  the  droplet 
appears  at  the  follicular  opening  after  a 
latent  period  of  15  seconds  or  more.  Once  a 
droplet  has  been  secreted,  apocrine  function 
ceases  for  several  hours;  during  this  refrac¬ 
tory  period  adequate  stimulation  remains 
ineffective.  Microanalysis  of  these  droplets 
revealed  the  presence  of  protein,  reducing 
sugars,  ferric  ion,  and  ammonia  (170). 

Shelley  and  Hurley  (170)  tentatively  as¬ 
sumed  that  the  secretion  of  milky  droplets  is 


B.  INFLUENCE  OF  AGE  AND  SEX 

Like  sebaceous  glands  and  hair  follicles, 
the  apocrine  glands  undergo  a  spectacular 
development  during  {)uberty  in  both  sexes 
(135).  Axillary  sweating  in  response  to  men¬ 
tal  stimuli  develops  rather  late.  Children  at 
the  age  of  seven  to  nine  years  respond  to 
mental  stimuli  with  profuse  sweating  on 
palms  and  soles,  but  not  with  axillary  sweat. 
At  the  same  time,  the  axillae  do  sweat  in  re¬ 
sponse  to  thermal  stimulation  (90).  Un¬ 
fortunately,  in  these  experiments  eccrine 
and  apocrine  glands  of  the  axillae  were  not 
clearly  separated,  and  it  is  obvious  that  it 
would  be  erroneous  to  identify  axillary 
sweating  with  apocrine  sweating.  The  non- 


IS  —  \nocrine  sweat  fluorescence.  Three  droplets  of  dried  apocrine  sweat  are  shown  under  Wood’s 
light.  From  Shilley  and  Hurley  (170).  (Reproduced  by  permission  of  the  Williams  &  Wilkins  Company.) 


the  only  secretion  type  of  apocrine  glands. 
Their  point  is  that  the  typical  turbid  apo¬ 
crine  sweat  droplets  can  be  seen  to  appear 
not  only  at  the  follicular  orifices  but  also  in 
between  them;  therefore,  apocrine  sweat 
should  not  be  defined  as  sweat  appearing  in 
the  follicular  orifices.  Conversely,  the  au¬ 
thors  assumed  that  eccrine  sweat  might  ap¬ 
pear  at  the  follicular  openings,  although 
they  could  not  find  anatomical  evidence 
that  eccrine  glands  actually  open  into  fol¬ 
licular  canals.  But  in  nonapocrine-beanng 
hairy  areas  they  could  see  ‘fiollicular  ec¬ 
crine”  sweat.  On  this  basis  the  authors  are 
inclined  to  define  any  liquid,  jirofusely  flow¬ 
ing  sweat  as  “eccrine,”  no  matter  whether  i 
appears  outside  the  follicular  pore  or  on  it. 
According  to  this  vie^v,  apocrine  secretion 
has  only  one,  namely,  a  semiholocrme,  as¬ 
pect. 


responsiveness  of  children’s  isolated  axillary 
apocrine  glands  to  adequate  stimulation  by 
epinephrine  and  sensory  stimuli,  however, 

has  been  confirmed  (170). 

There  is  a  pronounced  sex  difference  ana¬ 
tomically.  The  total  number  of  apocrine 
glands  is  greater  in  women  than  in  men 
(160,  88).  Axillary  sweating  starts  earlier  in 
adolescent  girls  than  in  adolescent  boys 
(112,  92).  Secretory  granules  were  said  to  be 

larger  in  the  female  (52). 

The  influences  of  the  ovarian  cycle,  oi 
i.regnancy,  and  of  the  menopause  have 
alien  been  discussed  (165, 160, 160,  HO)  but 
not  actually  measured.  From  some  morpho¬ 
logical  data,  it  appears  that  during  the 
menstrual  cycle  aiiocrine-gland  function  is 
highest  i)remenstrually  and  lowest  in  the 
mid-menstruum  (52).  These  f'fferences 
however,  have  not  been  found  regularly 
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(82).  Whereas  earlier  data  on  the  effect  of 
pregnancy  had  been  contradictory,  recently 
Cornbleet  (30)  presented  supporting  evi¬ 
dence  for  a  depression  of  apocrine  function 
during  pregnancy,  as  was  also  found  earlier 
by  Richter  (151).  All  this  would  be  in  line 
with  what  is  known  of  hormonal  effects  on 
sebaceous  glands:  increased  amounts  of 
estrogens  circulating  in  the  blood  depress 
glandular  proliferation  of  sebaceous  and 
apocrine  glands.  W  ith  the  waning  of  sexual 
activity,  the  functioning  of  both  kinds  of 
glands  seems  to  diminish,  the  diminution 
being  connected  with  structural  (involu¬ 
tional)  changes  (151,  20,  168).  Analogous 
features  of  these  two  kinds  of  gland  have 
been  further  emphasized  by  H.  A.  Brunsting 
(18),  who  correlates  diseases  of  sebaceous 
glands  and  of  apocrine  glands  as  having 
similar  genetic,  hormonal,  and  infectious 
backgrounds. 

Pana  (132)  finds  a  stricter  correlation  be¬ 
tween  gonadal  development  and  the  devel¬ 
opment,  function,  and  involution  of  apo¬ 
crine  glands  in  the  male  than  in  the  female. 
This  does  not  parallel  the  events  in  seba¬ 
ceous  glands  (p.  296). 

There  is  an  interesting  analogy  in  the  be¬ 
havior  of  apocrine  and  mammary  glands: 
not  only  do  both  glandular  structures  under¬ 
go  involution  simultaneously  and  show  simi¬ 
lar  mvolutionary  changes  after  the  meno¬ 
pause,  but  if  there  are  cystic  changes  in  the 
mammary  gland,  they  appear  also  in  the 
apocrine  glands  (20).  This  is  the  case  even  in 
males  with  cystic  gynecomastia  (132). 


points  very  close  to  the  hairs  in  both  in¬ 
stances.  This  observation,  of  course,  does 
not  invalidate  Shelley’s  view.  But  Kuno  (90) 
also  claims  that  in  children  the  same  axillary 
glands  respond  to  heat  but  not  to  emotions, 
an  observation  which,  if  correct,  is  hard  to 
reconcile  with  Shelley’s  thesis. 

Be  that  as  it  may,  it  appears  that  glands 
of  the  axilla  in  the  adult  respond,  if  at  all, 
relatively  late  to  general  thermal  stimula¬ 
tion,  possibly  later  than  all  the  eccrine 
glands  except  those  on  the  palms  and  soles 
(90).  On  the  other  hand,  according  to  Kuno 
(92,  90),  mental  stimuli  elicit  sweating  in  the 
axillae  with  the  same  ease  as  on  the  palms 
and  soles  (p.  177). 


C.  ADEQUATE  STIMULATION 

7“";  ‘‘"'I  Hurley 

(  66,  168)  found  that  apocrine  glands  do 
not  respond  to  thermal  stimulation  hut  do 
respond  i>romptly  to  mental  stimuli  They 
believed  that  apocrine  sweating  observetl  i^ 
re  heat  cabinet  was  due  to  emotions  (ap¬ 
prehension)  rather  than  to  heat,  a  conjet 
ture  which  ,s  difficult  to  prove.  Kuno  (90) 
a  though  not  collecting  the  secretion  of  sin- 
g  e  glands  as  Shelley  did,  stated  that  in  the 

terns  to  both  types  of  stimulation,  with  the 


D.  INNERVATION 

In  contrast  to  the  situation  with  seba¬ 
ceous  glands  (p.  303),  autonomic  innerva¬ 
tion  of  apocrine  glands  is  easily  demon¬ 
strable.  Reflex  thermal  sweating  of  apocrine 
glands  was  described  by  Aoki  and  Wada  (7) 
in  dogs,  and  emotional  sweating  by  Kuno 
(90)  and  by  Shelley  (166)  in  man. 

In  some  animals,  such  as  horses  and  dogs, 
there  seems  to  be  a  dual  innervation  of  apo¬ 
crine  glands  (123,  96,  7).  In  dogs,  for  in¬ 
stance,  apocrine  glands  respond  to  local  ap¬ 
plication  of  both  epinephrine  and  acetyl¬ 
choline,  the  minimal  effective  concentra¬ 
tions  ranging  from  10-®  to  lO'^  for  epineph¬ 
rine  and  from  10-«  to  lO-io  for  acetylcholine 
(7).  However,  apocrine  glands  of  sheep  do 
not  show  cholinergic  response  (123),  and  the 
natural  sweating  of  horses  is  not  suppressed 
by  atropine  (123). 

H  Shelley  and 

Hurley  (168,  170)  find  that  apocrine  glands 
are  exclusively  adrenergic.  Or,  rather,  they 
ind  that  the  e.xpulsion  of  milky  droplets  It 
he  fo  hcular  orifice,  which  they  regard  as 
le  only  function  of  the  apocrine  glands  is 

fat  on  h ,  “  cholinergic  stimu- 

as  'hey  interpret  this  phenomenon 

eccrine  follicular  sweating”  (170)  Ex¬ 
ceptionally,  they  also  obtained  “true”’apo- 

pinTinori’lff  "i''’?'  Phccar- 

)•  (  ffect  of  painful  stimulation?) 
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They  were  of  the  opinion  that  the  pure  apo¬ 
crine  secretion  can  be  best  studied  by  local 
atropinization  of  the  axillae,  whereby  ec- 
crine  glands  are  paralyzed  and  apocrine 
glands  are  left  intact  (168). 

E.  THE  WORK  OF  SHELLEY  AND  HURLEY 

(166,  168,  170) 

The  interpretation  of  apocrine-gland 
function  by  Shelley  and  Hurley  can  be  sum¬ 
marized  as  follows: 

1.  Apocrine-gland  function  has  only  one 
facet,  namely,  periodic  secretion  of  a  more 
or  less  viscous  milky  droplet.  It  is  postu¬ 
lated  that  any  profuse,  fluid,  nonviscous 
sweat  flow  is  eccrine  in  origin.  Whether 
sweat  droplets  appear  at  the  follicular  open¬ 
ings  or  not  cannot  be  used  as  a  criterion  for 
distinguishing  between  apocrine  and  eccrine 
sweat. 

2.  Apocrine  glands  do  not  respond  to 
thermal  stimulation  per  se  and  do  not  take 
part  in  thermoregulation. 

3.  The  secretion  of  the  milky  droplets 
by  apocrine  glands  is  purely  adrenergic. 
Apocrine  glands  have  no  cholinergic  inner¬ 
vation. 

The  assumption  of  “follicular  eccrine 
sweating,”  of  course,  makes  it  difficult  to 
arrive  at  any  conclusion.  The  anatomical 
evidence  has  been  rather  convincing  that 
eccrine  and  apocrine  glands  are  anatomically 
clearly  different  structures,  with  distinctly 
separate  localization,  the  apocrine  glands 
emptying  their  secretion  into  the  follicular 
canal  and  the  eccrine  glands  having  their 
own  pores.  If  and  when  this  anatomical  evi¬ 
dence  is  disproved  and  if  it  ever  becornes 
accepted  that  clear  localizational  separation 
is  not  possible,  it  is  rather  arbitrary-m  the 
light  of  present  evidence— whether  one 
takes  the  view  that  all  fluid  sweat  is  eccrine 
or  that  apocrine  glands  have  a  dual  func¬ 
tion  :  periodic  secretion  of  niilky  droplets  anc 
continuous  secretion  of  fluid  sweat. 

Offhand,  there  are  three  mam  objections 
to  the  interpretation  of  Shelley  and  Hurley 
(166,168,170): 

1.  Mammals  which  have  no  eccr 
glands  on  their  trunk  do  secrete  fluid  profuse 


sweat.  These  glands  have  a  dual  innerva¬ 
tion  (7). 

2.  In  the  anidrotic  type  of  multiple  ecto¬ 
dermal  dysplasia  in  which  the  total  number 
of  eccrine  glands  is  5  per  cent  or  less  of  the 
normal  (34),  there  is  profuse  fluid  thermal 
sweating  exclusively  at  the  sites  of  apocrine 
glands,  viz.,  axillae  and  perimammillary  re¬ 
gion.  The  sweating  of  these  areas  is,  in  my 
experience,  as  profuse  in  the  anidrotic  pa¬ 
tient  as  in  normals  under  similar  conditions. 

3.  The  adrenergic  response  of  the  isolated 
apocrine  glands  is  reminiscent  of  the  adren¬ 
ergic  response  of  eccrine  glands,  mainly 
with  regard  to  the  refractory  period  which 
follows  this  response  (p.  168).  Whether  or 
not  it  is  accepted  that  this  response  is 
caused  by  myoepithelial  contraction  in  the 
eccrine  glands  (p.  167),  it  certainly  is  justi¬ 
fiable  to  speak  of  a  “dual”  innervation  of 
eccrine  glands.  The  observations  of  W  ada 
(188)  strongly  suggest  that  a  similar  situa¬ 
tion  prevails  in  the  case  of  apocrine  glands. 
In  my  view,  as  well  as  in  that  of  other  in¬ 
vestigators,^  all  available  data,  including 
those  of  Kuno  and  of  Shelley  and  Hurley,  as 
well  as  all  histological  findings  justify  the 
assumption  that  apocrine  glands  have  a  dual 
function:  (a)  expulsion  of  milky  droplets  by 
a  semiholocrine  mechanism,  probably  pro¬ 
moted  by  the  adrenergic  contraction  of  myo¬ 
epithelia,  and  {h)  secretion  of  fluid  sweat  on 
thermal  and  emotional  stimulation,  prob¬ 
ably  a  cholinergic  function.  Cholinesterase 
was  demonstrated  histochemically  in  apo¬ 
crine-gland  secretory  fibers  by  0.  R.  Aavik 
in  my  laboratory  (Fig.  19). 

In  spite  of  these  objections,  Shelley  and 
Hurley  (personal  communication)  maintain 
that  their  interpretation  is  valid,  for  tie 
following  reasons: 

1.  Anatomically,  it  can  be  shown  that  i^^ 
man  eccrine  ducts  discharge  mto  the  hp 
of  the  hair  follicles.  One  can  see  folhcu  ar 
eccrine  sweat”  on  nonaiiocrine-bearing  sites 

of  the  body.  .  .  , 

2  The  clear  fluid  appearing  at  tl 

licle  in  the  axilla  corresponds  chemically, 

5.  See  parlicularly  F.  Herrmann,  discussion  on 

Shelley  and  Hurley  (168). 
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functionally,  and  pharmacologically  with  ec- 
crine  sweat.  On  cholinergic  stimulation,  tur¬ 
bid  apocrine  secretion  is  never  seen.  If  the 
clear  fluid  appearing  at  the  follicular  orifice 
in  response  to  cholinergic  stimulation  is  apo¬ 
crine  in  origin,  it  should  be  mixed  with  turbid 
apocrine  sweat  (in  my  opinion,  the  absence 
of  such  a  mixture  can  be  very  well  explained 
by  the  assumption  of  a  dual  function). 
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3.  The  presence  of  a  single  type  of  secre¬ 
tory  cell  in  the  apocrine  gland  would  seem  to 
speak  against  the  “dual  secretion”  theory 
(not  if  a  combined  holocrine-secretory  func¬ 
tion  is  assumed,  in  my  opinion). 

4.  In  the  horse  sweat  glands  can  be  dem¬ 
onstrated  histologically  which  correspond 
morphologically  with  human  eccrine  glands. 
There  is  no  turbid  material  in  the  horse’s 
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sweat,  or,  if  there  is,  it  is  produced  by  con¬ 
tamination  of  dander,  according  to  veteri¬ 
narians.  In  the  genital  region  horses  do 
produce  a  soapy  or  cloudy  sweat  which  con¬ 
ceivably  could  be  the  product  of  true  apo¬ 
crine  glands. 

5.  In  patients  with  anidrotic  congenital 
ectodermal  defect  the  absence  of  eccrine 
glands  in  the  axilla  has  not  been  directly 
demonstrated  histologically. 

6.  Should  the  apocrine  glands  be  able  to 
secrete  fluid  sweat  as  eccrine  glands  do,  they 
should  contain  glycogen  as  eccrine  glands 
do.  However,  the  glycogen  content  of  apo¬ 
crine  glands  is  a  controversial  matter  (see 
p.  191). 

7.  From  a  speculative  (teleological)  point 
of  view,  fluid,  eccrine-like  sweat  flowing 
from  axillary  apocrine  glands  would  be  a 
completely  superfluous  function,  because 
there  are  five  to  ten  times  more  eccrine  than 
apocrine  glands  in  the  axilla,  and  eccrine 
functions  would  be  wasted  in  an  atavistic 
structure  such  as  the  apocrine  gland. 

8.  Most  recently,  in  contrast  to  the  find¬ 
ings  of  Aavik  (Fig.  19),  Hurley  et  al.,  using  a 
different  histochemical  technic,  find  that 
specific  cholinesterase  is  absent  around  apo¬ 
crine  glands  (H.  J.  Hurley,  Jr.,  W .  IF 
Shelley,  and  G.  B.  Koelle,  The  distribution 
of  cholinesterases  in  human  skin,  with  spe¬ 
cial  reference  to  eccrine  and  apocrine  sweat 
glands,  J.  Invest.  Dermat.,  21 : 139-47, 1953). 


F.  COMPOSITION  OF  APOCRINE  SM  EAT 
AND  ITS  ODORS 

It  has  been  known  for  a  long  time  that 
apocrine  sweat  contains  iron.  Iron  granules 
in  the  secretory  part  of  apocrine  glands  were 
demonstrated  histochemically  by  Homma 
in  1926  (56).  Sometimes  they  can  also  be 
seen  in  the  duct  (19).  Correspondingly,  axil¬ 
lary  hair  shows  faint  traces  of  iron  adhering 

to  the  shaft  (19).  i  ec  nf 

If  there  actually  is  considerable  loss  of 

iron  through  the  skin  (t  Ih),  this  seems  to  be 
primarily  a  function  of  apocrine  g  ands.  be¬ 
cause  relatively  large  amounts  of  .  on  are 
found  only  in  turbid  sweat.  Adams  c/  at.  ( 


found  6-10  mg  Fe/cc  in  originally  opales¬ 
cent  sweat.  After  centrifugation,  the  clear 
supernatant  fluid  contained  only  5  per  cent 
of  the  original  amount.  These  authors  came 
to  the  conclusion  that  iron  is  lost  through 
the  skin  not  by  secretion  but  by  “desquama¬ 
tion.”  This  “desquamative”  process,  how¬ 
ever,  seems  to  be  greatly  enhanced  by  heat 
sweating.  Mitchell  and  Hamilton  (119)  find 
the  dermal  iron  loss  tremendously  increased 
in  hot  humid  climates.  In  such  environments 
more  than  one-third  of  the  total  iron  loss  of 
the  body  is  through  the  skin,  whereas  in  a 
comfortable  environment  the  participation 
of  the  skin  amounts  to  only  13.4  per  cent. 
All  these  findings,  however,  have  lately  been 
questioned  by  Whipple  c/ a/.  (175)  (p.  216). 

As  mentioned  earlier,  the  presence  of  pro¬ 
teins,  reducing  sugars,  and  ammonia  was 
demonstrated  in  the  apocrine  milky  droplets 
by  Shelley  and  Hurley  (170).  This  was  done 
by  means  of  spot  tests.  Histochemical  find¬ 
ings  in  apocrine-gland  cells  on  the  occur¬ 
rence  of  glycogen,  lipids,  etc.,  are  reviewed  on 
pages  190  ff .  The  secretion  of  cholesterol  by 
apocrine  glands  after  pubertal  development 
was  reported  by  Richter  (151).  Most  speci¬ 
mens  of  milky  apocrine  sweat  droplets  were 
found  to  fluoresce  in  ultraviolet  light  (170). 


dicroscopically,  orange-yellow  fluorescent 
larticles  were  observed  in  apocrine  glands 
19,  120).  These  were  interpreted  as  being 
xetone-soluble  lipid  particles  (19).  It  was 
emphasized  that  eccrine  and  apocrine  sweat 
:an  be  sharply  distinguished  on  the  basis  of 
his  fluorescence,  because  eccrine  sweat 
lever  fluoresces  (170).  However,  the  fluo- 
•escent  material  might  possibly  also  come 
rom  sebaceous  glands  which  have  a  com- 
-non  orifice  with  the  apocrine  glands.  I  ob¬ 
served  strong  fluorescence  of  sebum  trac¬ 
tions  obtained  from  the  hairy  scalp,  where 
ipocrine  glands  are  not  present. 

Coloration  of  sweat  (chromidrosis)  is 
much  more  frequently  observed  in  the  a.xil- 
lae  than  elsewhere,  and  therefore  it  may  be 
assumed  that  apocrine  glands  can  secre 
chromogens  or  colored  substances  which  are 
not  present  in  eccrine  sweat  (116,  4  ,  ^  , 
159,^70,  168).  In  a  recent  contribution 
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Shelley  and  Hurley  (169),  reviewing  the 
literature  and  reporting  on  two  cases  of 
localized  chromidrosis,  came  to  the  conclu¬ 
sion  that  secretion  of  colored  sweat  is  an 
apocrine-gland  function.  In  both  their  cases 
the  colored  droplets  were  turbid;  they  ap¬ 
peared  at  the  follicular  openings  and  in 
response  to  epinephrine  but  not  to  pilocar¬ 
pine  or  heat;  and  they  dried  to  form  a  glis¬ 
tening,  gluelike  mass.  On  local  injection  of 
epinephrine,  a  long  latent  period  preceded 
the  appearance  of  the  droplets.  Whereas 
their  first  case  had  colored  sweat  in  the 
axilla,  a  typical  site  for  apocrine  glands,  the 
site  of  localization  of  chromidrosis  in  the 
second  case  was  in  the  face.  In  this  latter 
case  the  authors  postulated  the  presence  of 
heterotopic  apocrine  glands,  the  occurrence 
of  which  was  reported  by  Szodoray  (180). 
In  one  of  the  cases  the  colored  sweat  was 
cultured,  but  no  chromogenic  bacteria  were 
found. 

The  authors  referred  to  the  case  of  the 


OH 
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hi{)popotamus,  which  is  famed  for  “sweating 
blood”  and  actually  excretes  red  apocrine 
sweat  when  angered  or  otherwise  excited. 
They  properly  pointed  out  that  the  possible 
relationship  of  this  phenomenon  to  hysteri¬ 
cal  stigmata  of  localized  “hematidrosis”  is 
worthy  of  exploration.  This  is,  no  doubt,  a 
most  significant  point. 

Whether  the  authors  are  correct  in  as¬ 
suming  that  colored  sweat  is  always  apo¬ 
crine  in  origin  remains  to  be  proved.  Palmar 
“bleeding”  was  reported  in  the  case  of 
Theresa  of  Konnersreuth  (87).  For  phylo¬ 
genetic  reasons  the  occurrence  of  apocrine 
glands  on  the  palms  is  improbable.  It  may 
very  well  be  that  adrenergic  stimulation  of 
the  myoepithelia  of  eccrine  glands  may  also 
produce  colored  sweat. 

Formation  of  blue  sweat  was  attributed 
to  the  secretion  of  indoxyl,  a  malodorous 
compound,  which,  on  exposure  to  air,  pos¬ 
sibly  as  a  result  of  bacterial  activity,  is 
oxidized  into  the  blue  dye,  indigo  (157): 


+  2HoO 


Indo.xyl  leads  to  the  discussion  of  the 
odorous  substances  which  are  secreted  or 
excreted  by  apocrine  glands  in  animals  and 
man.  Despite  the  great  interest  of  scientists, 
industry,  and  laymen  in  this  problem,  no 
progress  has  been  made  in  elucidating  the 
nature  of  these  substances  in  the  last  twen¬ 
ty-five  years.  In  pure  apocrine  secretion  ob¬ 
tained  by  cannulation  of  single  pores 
Shelley  and  Hurley  (170)  were  unable  to  de¬ 
tect  an  odor  in  minute  quantities,  although 
m  some  subjects  a  definite  odor  ai)peared  at 
the  time  of  apocrine  sweating.  It  should  be 
emphasized  that  odorous  substances  are 
excreted  not  only  by  the  apocrine  but  also 
by  the  sebaceous  glands.  Different  fractions 
Pf  human  hair  fat  from  the  scalp  prepared  in 
the  author’s  laboratory  displayed  “sweet¬ 


ish,  ‘bitter,”  and  “dirty-comb”  odors,  re¬ 
spectively.  ’ 

The  information  which  existed  twenty- 
five  years  ago  is  as  follows  (157) :  Skin  odors 
belong  in  the  category  of  “caprylic  odors,” 
which  would  indicate  that  they  are  due  to 
the  presence  of  free  volatile  fatty  acids.  The 
purest  capryhc  odor  is  found  in  the  pubes, 
that  of  the  axilla  is  more  pungent,  and  that 
of  the  hairy  scalj)  milder. 

The  odorous  substances  are  sex-specific 
and  ,>bviously  play  an  important  role  in 
sexual  attraction  and  sexual  life  in  the  ani¬ 
mal  world.  They  also  are  more  or  less  char- 

es  and  different  individuals.  Experiments 
Mth  police-trained  bloodhounds  revealed 
lat  regional  differences  of  smell  in  the  same 
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individual  are  much  greater  than  the  smell 
of  the  same  region  from  two  different  indi¬ 
viduals  (157). 

It  was  assumed  that,  in  addition  to  vola¬ 
tile  fatty  acids,  hydroxyacids  and  ammonia 
also  contribute  to  the  odor.  The  presence  of 
ammonia  in  pure  apocrine  sweat  was  re¬ 
cently  demonstrated  (170).  Nothing  is 
known  about  the  occurrence  of  aromatic 
substances. 

There  has  been  much  discussion  on  the 
possible  role  of  bacterial  activity  in  the 
formation  of  odorous  substances  on  the  skin 
surface,  but  this  problem  has  never  been 
experimentally  investigated.  I  have  found 
considerable  amounts  of  free  fatty  acids  in 
freshly  excreted  sebum  of  the  hairy  scalp 
and  believe  that  in  part  they  are  primary 
products  of  glandular  activity;  but  I  have 
no  direct  proof  for  this  belief.  In  the  preen 
glands  of  water  birds,  where  there  is  not 
much  chance  for  bacterial  invasion,  free 
fatty  acids  are  present.  Sometimes  the  con¬ 
tent  of  closed  sebaceous  cysts  is  very 
malodorous.  But  there  is  doubt  whether 
this  originates  from  the  presence  of  low- 
boiling  fatty  acids  (see  p.  318)  as  was  pre¬ 
viously  thought  (157).  It  has  been  claimed 
that  soaps  medicated  with  antiseptic  sub¬ 
stances  are  more  effective  in  suppressing 
“body  odor”  than  soaps  without  such  ma¬ 
terials.  Of  course,  people  who  do  not  wash 
themselves  have  a  more  obvious  smell  than 
clean  people.  Also,  it  is  clear  that  bacterial 
activity  contributes  to  the  intensity  and 
quality  of  smell  in  unclean  people.  But  for 
people  who  remove  apocrine  and  sebaceous 
secretion  with  warm  water  and  soap  at  regu¬ 
lar  intervals  several  times  weekly,  it  still  has 
to  be  proved  that  bacterial  activity  con¬ 
tributes  materially  to  their  odor. 


It  is  an  empirical  fact  that  some  individ¬ 
uals,  despite  scrupulous  cleanliness,  have 
intensely  and  unpleasantly  smelling  cu¬ 
taneous  excretions  (bromidrosis).  The  sub¬ 
strates  of  this  smell  are  unknown.  Marchio- 
nini  and  Cerutti  (115)  believe  that  bromi¬ 
drosis  of  the  feet  is  connected  with  an  alka¬ 
line  reaction  of  sweat  on  the  soles,  because 
an  alkaline  milieu  promotes  the  activity  of 
Bacterium  graveolens  and  B.  foelidurn.  They 
found  an  acid  sweat  reaction  in  the  arch  of 
the  sole,  where  sweat  can  evaporate,  but 
alkaline  reactions  on  the  other  parts,  where 
sweat  stagnates  and  decomposes.  In  cases  of 
fallen  arches  the  sweat  on  the  whole  surface 
of  the  soles  is  alkaline,  because  evaporation 
is  not  possible.  According  to  these  authors, 
orthopedic  correction  is  needed,  and  treat¬ 
ment  with  acids  might  beneficially  influence 
bromidrosis  of  the  feet. 

Whereas  the  odorous  nature  of  apocrine 
and  sebaceous  secretions  is  common  knowl¬ 
edge,  little  attention  has  been  paid  to  the 
phenomenon  that  the  strong  odor  of  seba¬ 
ceous  and  apocrine  secretion  of  adolescents 
frequently  becomes  less  intense  after  cu¬ 
taneous  glands  have  maximally  developed 
and  full  maturity  has  set  in.  This  is  some¬ 
what  analogous  to  the  spontaneous  sub¬ 
sidence  of  acne  vulgaris  in  the  late  twenties. 
Nor  has  the  empirical  fact  been  recorded 
that  in  adolescents  not  only  sebaceous  and 
apocrine  glands  but  often  also  eccrine  secre¬ 
tion  of  palms  and  soles  has  a  more  pungent 
smell  than  in  childhood.  This  “bromidrosis” 
of  palms  and  soles  is  mostly  connected  with 
hyperidrosis,  but  not  necessarily  so.  Up  to 
the  present,  no  attention  has  been  paid  to 
the  possible  influence  of  sex  hormones  on 
eccrine  glands. 


IX.  SWEAT  SECRETION  AND  BLOOD  ELOW 


If  during  reflex  sweating  the  circulation 
of  a  limb  is  occluded,  sweating  continues  on 

6  In  their  latest  experiments  Shelley  et  at.  find 

,Hatfresh^^c™e..aUs  — 

S'n'Wlhey  find  that  this  microbial  action  can 


that  limb  with  full  intensity  for  5-15  min- 
utes  or  longer  (-X),  141,  142).  Subsequently, 

i;7;s;^ely  counteracted  by  use  of  antisqitk  soag 

(W.  n.  Shelley,  H.  J.  Hurley,  Jr  and  A.  C_ 

Axillary  odor.  Arch.  Dermat.  &  Syph.,  68.4.10  40, 

1953). 
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the  number  of  functioning  glands  gradually 
decreases,  secretion  becomes  intermittent, 
with  decreasing  peaks  of  the  sweating  cycle. 
Finally  sweating  ceases.  This  is  apparently 
due  to  ano.xemia  of  sweat  nerve  fibers,  be¬ 
cause  the  gland  still  responds  to  direct 
radiant  heat  (141,  142). 

There  is  a  relatively  great  independence 
of  vasomotor  and  sweat  impulses  (p.  174). 
Thermogenic  sweat,  which  appears  on 
warm,  flushed  skin,  has  its  counterpart  in 
the  “cold  sweat”  appearing  in  peripheral 
vascular  collapse,  with  stasis  of  the  cu¬ 
taneous  circulation  and  cold  skin.  Randall, 
Hertzman,  and  Ederstrom  (145)  measured 
sweat  delivery  and  blood  flow  in  different 
regions  simultaneously.  They  came  to  the 
conclusion  that,  although  there  is  a  reason¬ 
able  parallelism  between  sweating  and 
blood-flow  responses,  significant  discrep¬ 
ancies  can  be  discovered  in  different  skin 
areas,  “thus  failing  to  support  the  impres¬ 
sion  that  in  the  zone  of  vasomotor  regulation 
there  is  a  smoothly  operating  decrease  in 
vascular  tone  over  the  entire  skin  surface 
complementing  the  onset  of  generalized 
sweating.”  Thus,  for  instance,  the  face  has  a 
relatively  high  blood  flow  with  low  sweating 
rates,  whereas  on  the  dorsa  of  the  hands  and 
feet  the  sweating  rates  provide  for  evapora¬ 
tive  heat  loss  in  excess  of  the  heat  delivered 
by  the  blood.  On  the  trunk,  blood-flow  rates 
and  sweat  rates  are  intermediate  between 
the  two  other  regions  (144).  It  should  be 
pointed  out  that  the  cheeks,  while  the  main 


site  for  blushing,  are  at  the  same  time  poor 
in  sweat  delivery.  In  contrast,  the  forehead 
sweats  profusely  and  rarely  blushes.  Vaso¬ 
constriction  and  sweating  in  response  to 
mental  stimuli,  to  noises,  and  to  deep  in¬ 
spiration  are  synchronous  on  finger  pads 
but  not  on  forearms  (37). 

The  ease  with  which  sweating,  pilomo- 
tion,  and  vasocontriction  or  vasodilatation 
can  singly  and  separately  be  elicited  by 
autonomic  drugs  (28)  also  speaks  for  a  high 
degree  of  independence  of  these  impulses 
and  militates  against  the  microscopic-ana¬ 
tomical  view  that  the  cutaneous  autonomic 
nervous  system  is  represented  by  a  vast 
syncytium  which  connects  functionally  dif¬ 
ferent  organs,  viz.,  blood  vessels,  sweat 
glands,  pilomotor  muscles,  and  even  seba¬ 
ceous  glands  with  one  another  (176,  67,  128). 

As  first  pointed  out  by  Lewis  (99)  and 
fully  confirmed  in  our  laboratory  (28,  29, 
156),  experimental  physiological  observa¬ 
tions  prove  that  all  autonomic  nerve  fibers 
in  the  skin  have  widespread  ramifications, 
crossing  one  another’s  pathways  but  never 
anastomosing  with  one  another.  It  is  not 
surprising  that  the  dense  maze  of  axon 
ramification  appears  microscopically  as  a 
syncytium  which  cannot  be  unraveled  by 
the  method  of  serial  sections.  The  only  way 
to  follow  the  pathways  of  single  fibers  mor¬ 
phologically  is  by  creating  selective  de¬ 
generation  of  certain  kinds  of  fibers,  leaving 
others  intact,  as  was  done  on  sensory  fibers 
by  Weddell  (195)  (p.  123). 


X.  THE  MECH.\NISM  OF  ECCRINE  SWEAT  EXPULSION 


In  profuse  sweating  the  pressure  of  the 
secreted  fluid  (250  mm.  Hg)  (16)  is  sufficient 
to  cause  an  outpouring  to  the  surface  In 
lo\^-grade  sweating,  however,  a  special,  ex¬ 
pulsive  mechanism  is  postulated,  because 
sweat  droplets  may  be  seen  rising  and  falling 
in  the  duct  (90,  109)  (Fig.  5,  p.  157)  and 
reaching  the  surface  only  occasionally  Ap¬ 
parently,  there  is  some  periodically  acting 
extra  force  which  presses  the  sweat  droplets 
through  the  spiraling  poral  part  of  the  duct 
to  the  surface. 


The  secretory  portion  of  the  sweat  glands 
IS  closely  invested  with  spindle-shaped 
myoepithelial”  cells,  which  are,  in  general 
arranged  with  their  long  axes  parallel  to  that 
of  the  tubule  (19).  They  are  inside  the  base¬ 
ment  membrane.  It  is  generally  assumed 
hat  these  are  contractile  elements  (90 

h!  “■’‘■'“‘i'-"  promote; 

the  delivery  of  sweat  to  the  surface.  Simi- 

arly  the  weak  rhythmic  periodic  con- 

cmihl'h""  relaxations  of  myoepithelium 
could  be  responsible  for  the  rising  and  falling 
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levels  within  the  ducts  (109).  There  is  reason 
to  believe  that  these  elements  have  an 
adrenergic  innervation  (p.  167), 

In  an  entirely  novel  approach,  Sulz¬ 
berger,  Herrmann,  Keller,  and  Pischa  (178) 
discovered  still  another  possible  mechanism 
of  sweat  expulsion.  They  found  that  anionic 
wetting  agents  and  other  electronegative 
compounds,  when  applied  locally,  increase 
the  outpouring  of  sweat.  Conversely,  elec¬ 
tropositive  detergents  reduce  sweating  to 
such  a  degree  as  to  cause  sweat  retention. 


with  an  eruptive  response  resembling  mili¬ 
aria  rubra  (p.  277).  By  means  of  vital 
staining  they  demonstrated  that  the 
whole  spiral  end-portion  of  the  duct 
selectively  stains  with  electropositive  dyes, 
an  indication  that  this  portion  has  an 
electronegative  charge.  The  conclusion  was 
that  the  electronegativity  at  the  distal  _ 
end  of  the  duct  maintains  an  electro- 
physiological  potential  which  promotes 
electro-osmotic  passage  of  sweat  to  the  skin 
surface. 


XL  THE  PROBLEM  OF  RE  ABSORPTION 


It  has  become  commonplace  to  think  of 
“ductal  reabsorption”  of  sweat  as  analogous 
to  tubular  reabsorption  in  the  kidney,  al¬ 
though  direct  proof  of  such  function  of  sweat 
glands  is  lacking.  The  first  author  to  postu¬ 
late  reabsorption  was  Ackermann  (1),  with 
the  hypothesis  that  probably  only  water  is 
reabsorbed  by  the  ducts  and  that  this  func¬ 
tion  is  under  the  control  of  a  double  innerva¬ 
tion:  adrenergic  impulses  suppress  it,  where¬ 
as  antidromic  impulses  of  dorsal-root  fibers, 
which  allegedly  inhibit  visible  sweat  secre¬ 
tion  (36),  do  so  by  promoting  reabsorption 
of  water.  This  view,  however,  was  not  sup¬ 
ported  by  the  experimental  data  presented. 

Strong  indirect  evidence  for  reabsorption 
of  water  was  presented  by  Lobitz  and 
Mason  (109)  when  they  demonstrated  that 
most  constituents  are  much  more  concen¬ 


trated  in  sweat  which  is  secreted  slowly 
(“intermittently”)  than  in  profusely  se¬ 
creted  sweat.  The  supposition  was  that 
when  sweat  remains  long  in  the  duct,  there 
is  more  opportunity  for  reabsorption  of 
water.  Indeed,  the  available  data  suggest 
that  there  is  considerable  water  reabsorption 
from  slowly  secreted  sweat.  Reabsorption 
from  profusely  outpouring  sweat  still  has  to 
be  demonstrated. 

Conn  (26)  relates  the  decrease  of  salt 
concentration  in  sweat  during  acclimatiza¬ 
tion  (p.  265)  partly  to  reabsorption  of  salt, 
in  analogy  to  kidney  function.  He  calculated 
that  if  1.9-3. 2  gm.  sodium  chloride  are  given 
and  5-9  liters  of  sweat  are  lost  every  day, 
the  limit  of  the  sweat-gland  ability  to  re¬ 
absorb  salt  is  0.25-0.35  gm.  sodium  chloride 
per  liter.^ 


VIT  HISTOI  OGICAL  AND  HISTOCHHMICAL  OBSERVATIONS  ON 
CHEMICArCONSTITUENTS.  STRUCTURE.  AND  FUNCTION 

riTT  QWFAT  TxT.ANDS 


» 

Basophilic  dust  and  granules  in  the  cyto¬ 
plasm  of  eccrine-  and  apocrine-duct  cells 
was  tentatively  identified  as  ribonucleo- 
protein.  The  particles  disappear  after  treat¬ 
ment  of  histological  sections  with  ribonu- 
clease  (19).  Ample  glycogen  is  Present  in  he 
secretory  cells  of  eccrine  glands  (157  ,  cl  is 
appearing  from  the  secreting  cells  during 

activity  (44,  202,  171)  and 

a' rest  period  (202,  171)  (see  p.  466).  Glyco¬ 


gen  depletion  does  not  occur  on  “stimula¬ 
tion”  with  epinephrine  or  in  atropmized 
areas,  in  spite  of  energetic  heat  stimulatuMi 
(171)  Thus  glycogen  degradation  is  clearly 
linked  to  the  functional  activity  of  the  cells. 
The  degradation  of  glycogen  was  thought  o 
be  the  process  possibly  responsible  for  the 
high  lactic  acid  content  of  sweat  (p.  2lU). 

7.  Concerning  reabsorption  of  water  see  also 
p.  193. 
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(llycogen  i)ersists  for  some  time  after  death 
in  the  coil  cells  (187). 

Apocrine-gland  cells  were  said  not  to  con¬ 
tain  glycogen  (170,  19),  but  its  presence  was 
later  demonstrated  (120).  Physiologically, 
one  should  [)ostulate  its  j)resence,  because 
no  difference  was  found  in  the  lactic  acid 
content  of  a.xillary  and  body  sweat  (LSO).  In 
addition  to  glycogen,  Montagna  et  at.  (120) 
found  SchifT-j)ositive  but  diastase-resistant 
granules  (mucopolysaccharides?)  in  secre¬ 
tory  cells  and  in  ductal  lumina  of  eccrine 
and  apocrine  glands.  In  contrast  to  Bunting 


“lipofuscin”  or  “wear-and-tear  pigments” 
{Abnutzungspigmente).  They  seem  to  occur 
most  commonly  in  the  older  age  group  (55). 
(3)  A  yellow  pigment  accompanies  these 
flroj)lets,  which  is  soluble  in  acetone.  (4) 
Some  birefringent  crystalline,  acetone-solu¬ 
ble,  sudanophilic  material  is  present  in  the 
secretory  cells  of  eccrine  and  apocrine  glands. 
This  material  could  be  either  fatty  acids  or 
cholesterol.  It  was  found  also  in  the  luminae 
by  Bunting  e/u/.  (19)  but  not  by  Shelley  and 
Mescon  (171).  No  birefringent  material  was 
found  by  Montagna  et  at.  (120). 


Fig.  20.  Drawing  of  a  portion  of  the  secretory  segment  of  an  apocrine  sweat  gland  Form-din 


(19),  they  found  glycogen  also  in  the  non¬ 
luminal  epithelial  cells  of  the  ducts. 

lour  different  kinds  of  lipid  material  were 
demonstrated  histochemicallv  in  sweat- 
gland  cells  (19):  (1)  The  cytoplasm  contains 
a  line  stiitpling  of  sudanophilic  material, 
apparently  representing  mitochondria,  since 
they  coincide  in  size,  number,  and  distribu¬ 
tion.  (2)  Abundant  sudanoithilic  drojilets  are 
scattered  throughout  the  cytoplasm,  d'hey 
eccrine  .ami  ajwcrine  glands 
(Fig.2()).T  hey  are  fluorescent  (Fig.  21  ),plas- 
nial-positive  (containing  an  aldehyde  or  ke¬ 
tone  group), insoluble  in  acetone, and  soluble 
in  pyridine.  They  might  be  identical  with 


There  is  accumulation  of  acid  jihospha- 
tase  in  the  cajiillary  endothelia  surrounding 
the  sweat  glands,  in  the  basement  mem¬ 
brane,  in  secretory  cells,  and,  to  a  lesser  de¬ 
gree,  in  myoepithelial  cells  (19,  171).  This 
enzyme  may  play  a  role  in  glycogen  degrada¬ 
tion  and  synthesis.  Also  it  was  thought  to  be 
possibly  responsible  for  the  presence  of 
phosphate  ions  in  sweat  (19).  Shelley  and 
Mescon  (1/1)  found  alkaline  phosphatase 
also  in  sweat-gland  acini.  Sweat-gland  func- 
lon  does  not  alter  the  amount  and  distribu¬ 
tion  ot  alkaline  phosphatase  (171). 

Iron  is  hislochemically  demonstr.able  in 
.apocrine  secretory  epithelium,  rarely  .also  in 
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the  secretions  of  these  glands,  but  not  at 
all  in  eccrine  glands  or  their  secretion 
(19).  Axillary  hair,  as  mentioned  before, 
shows  faint  traces  of  iron  adhering  to  the 
shaft.  * 

A  remarkable  structural  change  of  eccrine 
glands  was  observed  by  Ring  and  Randall 
(152)  on  the  paws  of  albino  rats.  On  pro¬ 
longed  sciatic  stimulation,  there  was  a 
marked  decrease  in  cell  size  associated  with 


duplicated  by  Shelley  and  Mescon  (171)  in 
their  studies  on  human  sweat  glands.  'Fhe 
difference  in  findings  again  could  be  due  to 
differently  intense  stimulation. 

A  physiologically  important  structural 
problem  has  long  been  the  nature  of  the 
wall  of  the  intraepidermal  {)ortion  of  the 
duct.  Early  authors  thought  that  this  ])or- 
tion  has  no  lining  of  its  own  but  is  bordered 
by  rete  cells  of  the  ei)idermis,  so  that  ma- 


IMG  21  -  \utotluorescent  droplets  in  the  epithelium  of  the  secretory  segment  of  an  apocrine  sweat  gland. 
Fornlalin  fi  Jr  Unstaincl  froin  s^tion.  From  original  of  Fig.  3,  H.  Hun, mg,  G.  H.  «  .slock.,  and  F.  «  . 
Dempsey,  Anat.  Rec.,  100:77. 


the  heightened  secretion.  In  man  with 
shorter  and  less  intense  stimulation  -such 
an  effect  could  not  be  obtained  by  Shelley 

and  Mescon  (171).  .  _  x  ,  • 

Sperling  and  Koppanyi  (1/4),  studying 
eccrine  glands  of  cats  stimulated  by  heat  or 
by  pilocarpine,  found  that  the  myoepithelia 
were  reduced  in  size  during  activity  and  that 
the  epidermal  portion  of  the  duct  c  langec 
from  a  tight  spiral  to  a  loosely  convoluted 
tube.  They  also  found  that  functioning  ec¬ 
crine  glands  prevented  reduced  meth>4ene 
blue  from  turning  blue,  while  resting  g  cUif  s 
did  not.  Neither  of  these  findings  could  be 


terial  could  be  freely  exchanged  between  the 
duct  and  the  intercellular  spaces  (185,  157, 
194,  129).  Melczer  (117)  was  the  first  to 
show  histochemically  that  such  an  exchange 
actually  operates  in  the  case  of  urea.  \\  hen 
urea  was  infused  intravenously,  it  enterec 
the  intraejiidermal  portion  of  the  duct  from 
the  etiidermis,  whereas  no  urea  was  found  in 
the  deeper  jiarts  of  the  duct.  Still,  Melczer 


H)r  more  recent  hislochemical  observations  see 

lonlagna,  H.  B.  Chase,  and  W.  C- 

ilogy  and  cytochemistry  of  human  skin.  ._ 


t953. 
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held  that  the  structural  connection  is  not  so 
free  as  Unna  assumed  (90).  In  1939,  I. 
Pinkus  (136)  presented  morphological  evi¬ 
dence  that  the  intraepidermal  duct  wall  has 
its  own  lining  ei)ithelium  which  is  easily  dis¬ 
tinguished  from  rete  cells.  Holyoke  and 
Lobitz  (35)  supported  this  view.  Of  course, 
physiologically  the  permeability  of  these 
specific  cells  may  still  be  much  greater  than 
that  of  the  lining  cells  in  the  lower  jiarts  of 


the  ducts,  and  therefore  a  greater  exchange 
of  constituents  of  intracellular  canals  in  the 
rete  is  still  possible.  This  problem  is  im¬ 
portant  from  the  point  of  view  of  reabsorp¬ 
tion  of  sweat  constituents  (p.  190),  as  well 
as  for  the  sweat-retention  syndrome  (pp. 
270  ff.),  particularly  concerning  the  contro¬ 
versial  question  of  whether  the  duct  wall  has 
to  rupture  in  order  to  permit  seejiage  of 
sweat  into  the  rete  cell  (p.  272). 
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■p^ccRiNE  sweat  is  a  clear  aqueous  solution 
-L(  which  contains  99.0-99.5  per  cent  water 
and  0.5-1  per  cent  solids.  Half  the  solids  are 
inorganic  salts,  and  half  consist  of  organic 
substances.  Most  of  the  inorganic  ash  is 
sodium  chloride,  and  half  the  organic  ma¬ 
terial  IS  urea.  The  specific  gravity  of  profuse¬ 
ly  secreted  sweat  is  normally  between  1.001 
and  1.006.  It  was  claimed  that  sweat  ob- 
ained  in  strenuous  e.xercise  is  more  concen- 
rated  than  thermal  sweat  obtained  at  rest 
(80).  Intermittently  secreted  palmar  sweat 


must  have  an  unusually  high  specific  gravity 
because  of  the  high  concentrations  of  salts 

and  organic  materials  found  in  such  sweat 
(44). 

Under  normal  circumstances  eccrine  sweat 
IS  hypotonic  (25,  39).  At  high  rates  of  sweat¬ 
ing  it  may  approach  almost  isotonic  concen- 
ration  (39).  Its  average  osmomolecular 
concentration  corresponds  with  a  freezing 

T°56  r~  th'  Ki  -ith 

0  56  c.  in  the  blood.  Ninety-five  per  cent 

of  the  osmotic  pressure  of  sweat  is  due  to 


201 


Physiology  and  Biochemislrv  of  the  Skin 


chlorides,  lactic  acid,  and  urea  (104).  So¬ 
dium  chloride  accounts  for  80  per  cent,  and 
lactate  for  11  per  cent  (104). 

Comparison  of  the  chemical  composition 
of  blood  plasma  and  that  of  sweat  shows 
that,  although  the  composition  of  sweat  de¬ 
pends,  to  some  extent,  on  the  material  of¬ 
fered  by  the  blood  stream,  sweat  is  not  a 
simple  ultrafiltrate  of  blood  plasma  but  the 
product  of  an  active  secretory  function.  It 
resembles  plasma  ultrafiltrate  in  its  general 
inorganic  pattern.  Like  plasma,  it  has  large 
amounts  of  sodium  and  chloride,  but  little 
potassium  and  phosphate;  concentrations  of 
potassium  and  calcium  are  about  the  same 
as  in  blood  serum  (18).  The  ratio  of  sodium 
to  chloride  is  of  the  same  order  of  magnitude 
in  the  two  fluids  (18).  However,  the  quanti¬ 
tative  differences  make  it  impossible  to  in¬ 
terpret  sweat  formation  as  a  simple  ultra¬ 
filtration  process.  The  concentration  of  so¬ 
dium  and  chloride  is  always  lower,  that  of 
potassium  sometimes  higher,  in  sweat  than 
in  plasma  (66,  93,  18).  Urea  is  secreted  by 
the  sweat  glands  in  a  concentration  twice  as 
high  as  that  of  blood.  The  total  nitrogen 
content  may  be  also  much  higher  than  the 
nonprotein  nitrogen  in  plasma  (34).  Sweat 
glands  are  rather  efficient  barriers  against  the 
elimination  of  glucose.  All  this,  of  course,  is 
reminiscent  of  the  kidney  function.  But  the 
old  idea  of  the  vicarious  function  of  sweat 
glands  in  kidney  insufficiency  certainly  can¬ 
not  be  maintained.  Even  if  sweat  glands 


have  the  ability  to  concentrate  urea,  “the 
most  active  skin  is  less  efficient  for  excretion 
of  nitrogenous  products  than  the  most  seri¬ 
ously  injured  kidney”  (59).  It  is  rather  im¬ 
pressive  if,  i)remortally,  in  uremia  and  in 
cholera  the  urea  concentration  of  sweat  is  so 
high  that  it  forms  visible  crystals  on  the  skin 
surface  after  the  water  has  evaporated.  But 
even  the  most  profuse  single  sweating  bout 
will  yield  less  than  1  gm.  of  nitrogen  (80), 
and  in  uremia  the  sweat  mechanism  is  sup¬ 
pressed  anyhow,  probably  in  consequence  of 
simultaneous  salt  retention. 

Physiologically,  the  kidneys  play  a  vital 
role  in  regulating  the  composition  of  blood 
plasma,  in  the  water,  salt,  and  acid-base 
equilibrium,  and  in  removing  metabolic 
end-products.  Sweat  glands  do  not  perform 
such  functions  to  any  significant  degree 
(23,  15). 

The  constituents  of  sweat  are  present  also 
on  the  apparently  dry  skin  surface.  The 
surface  film  of  the  skin  probably  represents 
a  fine  emulsion  of  an  aqueous  and  a  lipid 
phase,  and  the  water-soluble  sweat  con¬ 
stituents  may  be  present  in  the  aqueous 
phase  of  this  emulsion.  In  physiological 
work  the  interest  has  been  centered  on  the 
repercussions  of  the  loss  of  water  and  salt  as 
it  occurs  in  profuse  sweating  under  extreme 
conditions.  From  the  dermatological  point 
of  view,  the  composition  of  the  film  on  the 
nonsweating  skin  surface  is  the  most  im¬ 
portant  topic. 


TI.  NITROGENOUS  COMPOUNDS 


A.  TOTAL  NITROGEN  LOSS 
Under  comfortable  conditions  without 
visible  sweating,  the  dermal  loss  of  nitrogen 
in  the  adult  was  estimated  to  be  ().M).3 
gm.  daily  (66,  59).  It  was  emphasized  that 
there  is  measurable  dermal  loss  of  nitrogen 
even  if  no  sensible  persiiiration  can  be  de¬ 
tected  (7).  Of  course,  the  old  difficulty  m 
separating  nitrogen  losses  caused  by  sweat- 
gland  activity  and  those  by  epidermal  des- 
quamation  (66)  is  still  not  “'^cl  m  spite  of 
the  classical  exp^eriments  of  E.  Voi  (1  J- 
His  experiments,  carried  out  on  a  twenty- 


eight-year-old  healthy  man,  yielded  an 
average  daily  dermal  loss  of  332.8  mg.  of 
nitrogen.  Out  of  this  amount,  121.9  mg.  was 
keratin-N  (corresj)onding  to  776.5  mg.  ker¬ 
atin),  and  210.9  mg.  was  “extract-N,”  this 
fraction  including  all  water-  and  alcohol- 
soluble  nitrogenous  comiiounds.  Thomas 
(96)  obtained  130  mg.  nitrogen  per  day  by 

rinsing  his  clothes  with  water.  I  he  extract- 

N”  of  Voit  could  originate  from  two  sources: 
from  insensible  sweat  secretion  and  from 
water-soluble  nitrogenous  jiroducts  of  the 
keratinization  jirocess,  such  as  amino  acids 
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and  uric  acid  (5),  which  are  shed  with  the 
horny  lamellae  (see  chap.  16). 

There  can  be  little  doubt  that  sweat- 
gland  function  goes  on  continuously  even  at 
low  temperature  (p.  156);  and  obviously 
nitrogenous  material  is  secreted  with  the  in¬ 
sensible  sweat  as  well  as  with  visible  sweat. 
One  may  assume  that  the  major  part  of  the 
water-soluble  nitrogen  loss  is  due  to  sweat- 
gland  activity.  It  was  shown,  for  instance, 
that  in  the  absence  of  sweat  glands,  as  is  the 
case  in  anidrotic  ectodermal  dysplasia,  ami¬ 
no  acid  excretion  to  the  surface  is  almost 
impossible  to  demonstrate  (68).  From  the 
values  of  Voit  (103)  one  can  conclude  that 
at  rest,  without  visible  sweating,  roughly  a 
third  of  the  nitrogen  loss  is  caused  by  epi¬ 
dermal  shedding  and  two-thirds  by  insen¬ 
sible  sweat  secretion.  The  average  total  der¬ 
mal  loss  of  nitrogen  per  surface  area  (103) 
was  calculated  to  be  136.4  mg  sq  meter  day 
in  Voit’s  nonsweating  (103)  resting  subject. 
Out  of  this  amount,  50.0  mg.  nitrogen  were 
due  to  loss  with  horny  lamellae.  This  cor¬ 
responds  to  the  shedding  of  318.2  mg  of 
keratin  'sq  meter,  day. 

By  following  the  rate  of  grow  th  of  hair 
and  nails  over  periods  of  many  years  in  sev¬ 
eral  individuals,  Voit  (101,  102)  estimated 
the  nitrogen  losses  deriving  from  the  forma¬ 
tion  of  these  ai)pendages.  The  weight  of  hair 
grown  in  one  year  varied  between  56.15  and 
63.01  gm.  in  two  younger  individuals  and 
was  41.70  gm.  in  an  older  person.  The 
weight  of  fingernails  and  toenails  grown  in 
one  year  averaged  a  total  of  2  gm.  All  this 
corresponds  roughly  wdth  a  daily  loss  of  24 
mg.  of  nitrogen  originating  from  hair  and 
nail  grow'th. 

Voit  (103)  gives  an  account  of  losses  of 
keratinized  material  “per  square  meter  of 
surface  and  per  year  in  grams”  in  a  twenty- 
eight-year-old  man  (see  accompanying  tabu¬ 
lation). 

Scalp  hair .  114 

Facial  hair . 

Body  hair .  ^  ^ 

Finger- and  toenails .  (2  02t 

Desquamating  epidermis . 115  14 


The  amount  of  nitrogen  lost  with  the 
sw’eat  increases  rapidly  wdth  increasing  en¬ 
vironmental  temperature  or  with  exercise. 
The  secretion  of  nitrogen  in  sw^eat  is  roughly 
proportional  to  the  amount  of  exercise  (7). 
But,  as  sw'eat  becomes  more  profuse,  its 
nitrogen  concentration,  as  contrasted  wdth 
the  increasing  concentration  of  electrolytes, 
decreases  (15)  (cf.  Table  3  on  p.  215).  In  the 
e.xperiments  of  Moore  et  at.  (56)  the  nitrogen 
secretion  wdth  sweat  varied  between  14.7 
and  99.4  mg  sq  meter  hr.  They  found  food 
intake  without  any  influence  on  these  val¬ 
ues. 

B.  UREA 

The  urea  concentration  of  sweat  is  al¬ 
ways  higher  than  that  of  the  blood.  The 
quotient  of  sw’eat-urea-N,  plasma-urea-N  is 
2 : 1  or  greater.  For  a  review  of  the  literature 
on  this  remarkable  phenomenon  see  Roth¬ 
man  and  Schaaf  (66)  and  Lobitz  and  Oster- 
berg  (48).  In  the  older  literature  the  con¬ 
centration  in  profuse  thermoregulatory  ec- 
crine  sw'eat  is  given  as  varying  betw'een  23.5 
and  400  mg.  urea  (!)  in  100  cc.  of  sweat, 
corresponding  wdth  1 1-186  mg  100  cc  urea- 
N.  The  most  commonly  encountered  values 
are  given  as  being  between  30  and  60  mg. 
urea-N  in  100  cc.  The  average  concentration 
of  urea-N  in  blood  plasma  is  12-15  mg.  Gad- 
Andresen  (19)  found  an  average  value  of 
44.9  mg  100  cc  urea-N  in  sw'eat,  as  con¬ 
trasted  wdth  22.9  mg,  100  cc  in  the  blood. 

Lobitz  (48,  44)  studied  in  detail  the  urea 
content  of  uncontaminated  palmar  sw'eat 
and  found  an  amazing  difference  in  the  urea 
content  of  profusely  and  intermittently  se¬ 
creted  sw'eat  samples,  the  average  values 
being,  for  the  first  type,  68  mg/100  cc  and, 
for  the  second,  275  mg/ 100  cc  urea  (Fig.  1). 
Ihese  differences  could  be  demonstrated 
even  m  the  same  jiersons  in  whom  it  was 
possible  to  obtain  sweat  samples  of  the  two 
different  types  in  rapid  succession  under 
otherwise  identical  experimental  conditions 

On  feeding  or  injecting  urea,  the  urea 
concentration  of  sweat  rises  and  falls  wdth 
that  of  the  blood;  but  during  the  whole  pe¬ 
riod  the  sw'eat  values  are  higher  than  those 
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in  blood  (Fig.  1).  The  urea  concentration  in 
the  urine,  however,  is  still  higher  (48).  There 
is  no  detectable  correlation  between  urinary 
and  sweat  urea. 

The  mechanism  whereby  the  sweat 
glands  manufacture  a  solution  with  a  much 
higher  urea  content  than  is  offered  to  them 
with  the  blood  is  not  clear.  It  could  be  selec¬ 
tive  uptake,  sometimes  designated  as  “ac¬ 
tive  storage”;  it  could  be  a  result  of  reab- 


Profuse  Inter>mittent 

sweo-t.  swco-t 


j.'jG.  1  — The  mean  value  of  urea  (expressed  as 
milligrams  urea  per  100  cc.  of  sweat),  with  minimum 
and  maximum  for  the  two  physiological  types  of 
sweating  and  mean  value  for  hlood  urea  in  all  types. 
From  Lobitz  and  Osterberg  (48).  (Reproduced  by 
permission  of  L)r.  Lobitz  and  the  American  Medical 
Association.) 

sorption  of  water  from  the  ducts  (p.  190);  or 
it  could  be  new  formation  of  urea  in  sweat- 
gland  cells.  The  latter  [wssibility  was  first 
considered  by  Hier  et  al.  (26),  who  found 
large  amounts  of  arginine  in  sweat  and  sug¬ 
gested  that  possibly  urea  is  manufactured  in 
the  sweat  glands  by  the  enzyme  arginase, 
which  splits  arginine  into  ornithine  and 
urea.  That  this  actually  might  be  the  case 
was  indicated  by  Rothman  and  Sullivan 
(68)  when  in  water-wipings  of  the  dry  skin 
they  tentatively  identified  ornithine  as  one 
of  the  amino  acids  on  the  skin  surface.  In 


sweat  itself  no  arginase  could  be  demon¬ 
strated  (99).  This,  of  course,  does  not  ex¬ 
clude  the  presence  of  arginase  within  the 
secretory  cells,  but  so  far  the  new  formation 
of  urea  in  sweat  glands  remains  to  be  demon¬ 
strated.  The  problem  can  probably  be  de¬ 
cided  by  the  use  of  radioactive  arginine. 

In  a  recent  contribution  Schwartz  et  al. 
(79)  found  a  constant  linear  relationship 
between  sweat  and  plasma  urea  concentra¬ 
tions,  with  a  ratio  of  sweat  urea  to  plasma 
urea  of  1.752,  This  ratio  was  found  to  be  in¬ 
dependent  of  the  plasma  urea  concentration 
in  the  range  of  from  12  to  300  mg.  per  cent 
and  independent  of  the  rate  of  sweat  secre¬ 
tion.  The  authors  interpreted  their  experi¬ 
mental  results  as  indicating  that  about  half 
the  water  secreted  by  the  glands  is  reab¬ 
sorbed  over  a  wide  range  of  flow.  They 
deeemed  it  unnecessary  to  assume  a  special 
mechanism  for  selective  urea  pickup  (or 
production  of  urea)  by  the  glands.  A  special 
pickup  mechanism  seemed  to  be  improbable, 
in  view  of  the  huge  energy  requirements  in¬ 
volved. 

The  urea  content  of  apocrine  sweat  has 
not  been  investigated.  But  it  appears  that 
apocrine  glands  are  avid  secretors  of  urea  if 
its  concentration  in  the  blood  is  high.  Scheu- 
nert  et  al.  (74)  fed  urea  to  sheep  in  amounts 
which  caused  the  blood  urea  concentration 
to  increase  up  to  fivefold.  During  the  periods 
of  urea  feeding,  the  washings  of  the  total 
skin  surface  yielded  1  gm.  nitrogen  daily 
(excluding  keratin-N),  whereas  in  periods 
when  a  diet  rich  in  proteins,  but  with  no 
urea,  was  fed,  the  corresponding  amount 
was  only  0.013  gm.  nitrogen.  In  other  words, 
when  the  blood  level  was  raised  fivefold,  the 
skin  excretion  increased  almost  eighty  fold. 
In  periods  of  low  protein  diet,  only  traces  of 
nitrogen  could  be  detected  in  the  washings. 
Sheep  have  only  apocrine  glands  on  their 
trunks.  If  the  excretion  of  nitrogen  through 
the  skin  after  the  feeding  of  urea  is  actually 
a  sweat-gland  function,  as  Scheunert  etal. 
(74)  assume,  it  is  indeed  remarkable  tha 
this  apocrine  function  takes  place  without 
any  profuse  sweat  secretion.  Moore,  Peters, 
et  al.  (56)  could  not  demonstrate  such  a 
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function  of  human  eccrine  glands.  They  ad¬ 
ministered  large  doses  of  urea  to  normal 
persons  but  did  not  find  any  increase  in  the 
sweat  nitrogen  after  such  administration, 
in  spite  of  hot  weather. 

Urea  is  deposited  in  substantial  amounts 
on  the  normal  skin  surface  in  man  also, 
without  any  visible  sweat  secretion.  This 
was  demonstrated  by  Rothman  and  Smil- 
janic  (67),  who  found  that  urea-N  consti¬ 
tutes  one-fourth  to  one-third  the  total  nitro¬ 
gen  found  in  water-wipings  of  the  normal 
adult  skin  surface  under  comfortable  condi¬ 
tions  with  no  visible  sweating. 

After  visible  sweating  the  absolute 
amount  of  urea  which  is  deposited  on  the  skin 
will  obviously  increase.  Changes  in  the  urea 
content  of  the  skin  surface  (individual  dif¬ 
ferences  and  differences  in  the  same  person 
under  various  physiological  and  pathologi¬ 
cal  conditions)  might  have  considerable  sig¬ 
nificance  in  dermatology.  For  studies  in  this 
field  the  amount  of  urea  probably  will  have 
to  be  related  to  units  of  skin  surface  area. 

C.  CREATININE  AND  CREATINE 

Creatinine  is  jiresent  in  sweat  in  minute 
quantities,  and  its  presence  cannot  always 
be  demonstrated  (66,  44).  In  most  cases  its 
concentration  was  found  to  be  less  than  2 
mg/ 100  cc.  In  heat  sweat  of  young  healthy 
adults  Schumann  (78)  found  sweat  values 
mostly  between  8.5  and  5  mg/100  cc,  but 
less  when  sweating  was  more  profuse.  In 
single  patients  with  different  internal  dis¬ 
eases,  values  as  high  as  6.68  mg  100  cc  were 
registered.  There  was  no  relation  to  the  level 
of  blood  creatinine.  In  some  samples  crea¬ 
tine  could  also  be  demonstrated.  Schumann 
thought  that  the  acidity  of  sweat  may  con¬ 
vert  creatine  into  creatinine  and  that  the 
pH  of  the  sweat  sample  may  determine 
whether  or  not  creatine  can  be  found. 

The  observation  that  the  slower  the 
sweating  rate,  the  higher  the  creatinine  con¬ 
centration  was  duplicated  by  Ladell  (40) 
This  behavior  is  in  contrast  to  that  of  chlo¬ 
rides,  the  concentration  of  which  increases 
with  increasing  rate  of  sweating  (p  213) 
However,  the  concentration  values  of  Ladell 


(40)  are  considerably  lower  than  those  of 
Schumann.  In  sweat  elicited  by  heat  and  by 
exercise  Ladell  found  initial  values  in  the 
neighborhood  of  1  mg.  in  100  cc.,  and  a  con¬ 
siderable  drop,  to  0.3  mg.  in  100  cc.  or  even 
less,  when  sweating  continued  for  1  hour. 
The  final  values,  after  sweating  had  gone  on 
for  1|  hours,  were  somewhat  higher  again 
(Fig.  2).  The  assumption  that  the  higher 
initial  values  might  have  been  due  to  cre¬ 
atinine  or  other  substances  with  the  same 
chemical  reaction  deposited  on  the  dry  skin, 
which  would  be  washed  off  when  sweating 
sets  in,  could  not  be  substantiated  (40). 

Analyses  in  my  laboratory  showed  that 
creatinine-N  is  present  in  small  amounts  on 
the  dry  skin  surface.  Creatinine-N  consti¬ 
tutes  1-2  per  cent  of  the  total  nitrogen  in 
water-wipings  of  normal  nonsweating  hu¬ 
man  skin  surface  (67).  On  intake  of  creat¬ 
inine,  the  increase  in  concentration  in  pro¬ 
fuse  thermoregulatory  sweat  (40)  and  in 
profuse  palmar  sweat  (44)  is,  as  compared 
with  the  increase  in  blood  plasma  and  in 
saliva,  relatively  small.  This  is  in  contrast  to 
the  behavior  of  the  kidneys.  Urinary  output 
of  creatinine  is  greatly  increased  by  creat¬ 
inine  intake,  but  the  output  in  sweat  is  not. 

D.  URIC  ACID 

After  many  contradictory  data  have  been 
published  on  the  uric  acid  content  of  eccrine 
sweat  (66),  there  is  general  agreement  today 
that  the  eccrine  glands  in  man  are  poor 
secretors  of  uric  acid.  Its  concentration  in 
thermogenic  sweat  is  always  lower  than  in 
the  blood,  varying  between  0  and  1.7  mg.  in 
100  cc.  of  sweat  (43).  Saiki  and  Talbert’s 
(70)  maximum  value  had  been  0.25  mg.  per 
cent.  Lobitz  and  Mason  (43)  found  no 
measurable  amounts  in  profuse  palmar 
sweat  and  an  average  of  0.8  mg/100  cc  in 
intermittent  palmar  sweat.  When  lithium 
urate  was  given  intravenously,  there  was  a 
very  moderate  increase  of  uric  acid  concen¬ 
tration  in  sweat,  not  comparable  to  that  in 
the  urine.  However,  Williams  (107)  states 
that  he  was  able  to  drive  the  concentration 
up  to  30  mg.  per  cent  by  a  diet  rich  in  nu- 
cleoproteins. 
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On  the  dry  nonsweating  normal  skin  uric 
acid  is  present  only  in  traces.  In  water-wip¬ 
ings  from  a  surface  approximately  2  square 
meters  in  area,  no  measurable  amounts 
could  be  recovered  (67). 

E.  .AMINO  ACIDS 

The  jiresence  of  amino  acids  in  thermo¬ 
genic  sweat  has  been  known  since  1910, 
when  Embden  and  Tachau  (17)  isolated 
serine  from  human  sweat.  According  to 


Sullivan  (68)  demonstrated  the  following 
amino  acids  by  pajier  chromatography. 
as[)artic,  glutamic,  serine,  glycine,  alanine, 
citrulline,  arginine,  proline,  hydroxyproline, 
lysine,  valine,  one  of  the  leucines,  and  tyro¬ 
sine.  Tentatively  identified  were  hydroxy- 
lysine,  threonine,  lysine,  and  ornithine 
(Fig.  3).  The  identification  of  arginine  and 
citrulline  (a  postulated  intermediary  in  the 
arginine  cycle  of  Krebs)  (Fig.  4)  and  the 
tentative  identification  of  ornithine  sup- 


Fig.  3.  .Ammo  acids  on  the  normal  human  skin  surface.  Modified  from 
(Reproduced  by  iiermission  of  the  Williams  &  Wilkins  Company.) 


Rothman  and  Sullivan  (68). 


Talbert  et  at.  (24),  the  concentration  of 
amino-N  in  sweat  is  between  1.57  and  4.76 
rng/lOO  cc.  .A  detailed  analysis  by  micro¬ 
biological  methods  was  done  by  Hier,  Corn- 
bleet,  and  Bergheim  (26),  who  identified  the 
following  amino  acids  in  sweat,  listed  in 
OKler  of  decreasing  concentration:  arginine, 
histidine,  threonine,  tyrosine,  valine,  leu¬ 
cine,  isoleucine,  lysine,  phenylalanine,  and 
tryptophane. 

Rothman,  Smiljanic,  and  Murphy  (67) 
found  that  more  than  half  the  nitrogenous 
material  on  normal  nonsweating  human 
skin  surface  is  amino  nitrogen.  In  water- 
wipings  from  such  surfaces,  Rothman  and 


ported  the  assumption  that  urea  is  formed 
in  the  sweat  glands  from  arginine  (p.  204). 
It  should  be  jiointed  out  that  the  amino 
acids  on  the  skin  surface  might  be  of  clinical 
sigmilicance  as  a  feature  of  its  “chemical 
milieu.”  Individual  and  regional  differences 
in  the  comjiosition  of  this  milieu  might  be 
resiionsible  for  differences  in  susceptibility 
and  resistance  to  infections  and  infestations 
and  also  to  any  disease  which  may  have  a 
constitutional”  background. 

It  would  be  of  importance  to  establish 
wheUier  amines,  such  as  asparagine  and  glu¬ 
tamine,  deriving  from  the  respective  amino 
acic  ly  decarboxylation,  do  occur  generally, 


208 


Physiology  and  Biochemistry  of  the  Skin 


individually,  or  regionally  on  the  skin  sur¬ 
face,  for  these  compounds  are  excellent  nu¬ 
trients  of  hyphomycetes  and  other  micro¬ 
organisms. 

Rothman  and  Sullivan  (68)  tested  the 
water-wipings  of  a  patient  with  the  anidrotic 
type  of  ectodermal  dysplasia  and  found 
faint  traces  of  serine  and  alanine  only  once. 
This  would  indicate  that  the  main  source  of 
amino  acids  on  the  skin  surface  is  the 
sweat  glands.  Still,  on  the  basis  of  the  work 
of  Bolliger  (5),  one  has  to  assume  that 
amino  acids  on  the  skin  surface  are  also  by- 


freshly  secreted  heat  sweat,  when  secondary 
decomposition  was  carefully  avoided,  Ciad- 
Andresen  (19)  rejwrted  a  strict  j)arallelism 
between  blood  and  sweat  ammonia-N  and 
postulated  a  pure  diffusion  process.  Talbert 
et  at.  (91),  apparently  working  with  not 
quite  freshly  secreted  sweat,  found  no  such 
correlation  between  blood  and  sweat  am¬ 
monia.  Secondary  decomposition  explains 
the  widely  divergent  data  of  the  literature 
on  the  ammonia  content  of  thermogenic 
sweat,  which  varies  from  2.5  to  35  mg.  am- 
monia-N  in  100  cc.  (42,  91,  57). 
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Fig.  4.— The  Krebs  arginine  cycle 


products  of  the  keratinization  process 

(p.  372). 

Vermeer  and  Dejong  (100)  presented 
evidence  that  amino  acids  play  a  prominent 
part  in  the  ability  of  the  skin  surface  to  neu¬ 
tralize  fixed  alkalis  and  acids  (j).  228). 


F. 


AMMONIA 

Although  there  can  be  little  doubt  that 
ammonia  is  present  in  freshly  secreted 
sweat,  its  amount  certainly  increases  by 
bacterial  decomposition  of  urea  on  the  sur¬ 
face  (66,  52).  This  decomposition  is  accom- 
panied  by  an  increase  in  the  pH  of  the  non¬ 
evaporating  sweat.  Talbert,  !•  inkle,  and 
Katsuki  (91)  reported  that  concentrations  ot 
ammonia-N  and  of  urea-N  in  thermogenic 
sweat  parallel  each  other  to  some  degree.  In 


Lobitz  and  Mason  (49)  found  striking  dil- 
ferences  in  the  ammonia  content  of  profusely 
and  intermittently  secreted  palmar  sweat, 
the  average  being  7.7  and  28.9  mg.  am¬ 
monia-N  in  100  cc.  in  the  two  different  types 
of  sweat,  respectively.  This  difference  was 
obtained  even  in  the  same  person  according 
to  his  type  of  sweating  and  was  independent 
of  the  order  in  which  the  different  types  of 
sweating  were  elicited.  The  authors  con¬ 
cluded  that  ammonia  not  only  is  a  primary 
constituent  of  sweat  but  can  be  concen¬ 
trated  by  the  sweat  glands  with  nearly  Uie 
same  efficiency  as  by  the  renal  excreting 
unit.  Still  the  possibility  remains  that,  m 
intermittent  sweating,  ammonia  is  formed 
in  the  ducts  when  the  sweat  stagnates  there. 
In  water-wipings  of  normal  dry  nonsweating 
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skin  3-6.5  per  cent  of  the  total  nitrogen  was 
found  to  be  ammonia-N  (67). 

Ottenstein  (58)  has  recently  demon¬ 
strated  unusually  high  ammonia-N  values 
in  a.xillary  sweat,  up  to  78  mg.  in  100  cc.  (!), 
and  she  related  this  finding  to  the  relatively 
low  pH  values  obtained  from  sweat  of  this 
region.  It  may  well  be  that  these  values  are 
caused  by  secondary  decomposition  of  urea, 
because  Ottenstein’s  high  ammonia-N  val¬ 
ues  are  associated  with  conspicuously  low 
urea-N  values. 

G.  CHOLINE 

Free  choline  is  present  on  the  skin  surface. 
In  part,  it  is  a  product  of  phospholipid  deg¬ 
radation  as  it  occurs  during  the  keratiniza- 
tion  process  (p.  489).  How  far  sweat-gland 
activity  may  contribute  to  its  presence  on 
the  surface  was  investigated  by  Johnson, 
Hamilton,  and  Mitchell  (29).  They  fed 
choline  to  human  subjects  and  studied  its 
e.xcretion  in  urine,  feces,  and  through  the 
skin  under  comfortable  and  under  hot,  hu¬ 
mid  conditions.  Most  of  the  choline  given 
orally  was  metabolized,  and  only  0.7-1. 5 
per  cent  of  the  administered  amount  was 
e.vcreted  as  choline.  Of  the  excreted  choline, 
63.5  i)er  cent  was  found  in  the  urine,  36.2 


per  cent  in  feces,  and  only  0.3  per  cent  was 
excreted  through  the  skin  in  nonsweating 
individuals.  During  the  hot,  moist  period 
the  resfiective  figures  were  55  per  cent  in 
urine,  43.6  per  cent  in  feces,  and  0.9  per  cent 
in  sweat.  Thus  choline  can  apparently  be 
secreted  by  sweat,  even  if  only  in  small 
amounts.  The  concentration  of  choline  in 
undiluted  sweat  in  these  experiments  was 
2.7-15.3  7/1,000  cc.  Sweating  did  not  bring 
about  an  absolute  increase  in  total  choline 
excretion. 

In  the  past  there  has  been  much  discus¬ 
sion  of  choline  as  a  menstrual  toxin  excreted 
through  the  skin  and  as  the  cause  for  the 
alleged  wilting  of  flowers  in  the  hands  of  a 
menstruating  woman  (66).  It  was  claimed 
that  the  dermal  choline  excretion  is  in¬ 
creased  twenty  to  sixty  fold  during  menstru¬ 
ation  (82).  The  choline  content  of  the  blood 
actually  fluctuates  with  the  menstrual  cycle, 
but  the  fluctuation  parallels  that  of  the 
estrogenic  hormone  content  of  the  blood.  Its 
peak  concentration  is  reached  on  the  four¬ 
teenth  day  of  the  intermenstruum,  and  the 
minimum  concentration  is  found  around  the 
twenty-sixth  day  (75).  Therefore,  it  is  un¬ 
likely  that  there  is  an  increased  excretion  of 
choline  during  menstruation. 


HI.  GLUCOSE 


The  literature  on  the  occurrence  of  glu¬ 
cose  and  other  reducing  substances  in  sweat 
was  reviewed  by  Lobitz  and  Osterberg  (47). 
They  pointed  out  that  the  contradictory  re¬ 
sults  might  be  explained  by  the  different 
methods  of  collecting  and  handling  sweat 
and  by  differences  in  methods  used  for  esti¬ 
mating  the  reduction.  Certainly,  the  con¬ 
centration  of  reducing  substances  in  sweat 
is  much  lower  than  data  in  the  earlier  litera¬ 
ture  indicated  (66)  and  very  much  lower 
than  in  the  blood. 

Lobitz  anti  OslerI.erg  (47),  examining 
palmar  sweat,  found  a  mean  value  of  3.08 
mg  in  100  cc.  (range  from  0  to  11  mg.)  in 
profuse  sweat  and  a  mean  value  of  2.86  mg 
in  100  cc.  (range  from  0  to  16  mg.)  in  inter¬ 
mittent  sweat.  This  is  contrasted  with  a 


mean  blood  sugar  value  of  86  mg.  in  100  cc. 
(range  from  74  to  100  mg.).  All  this  indi¬ 
cates  that  the  sweat  gland  is  an  efficient 
barrier  against  the  elimination  of  sugar, 
even  though  not  such  a  perfect  barrier  as  the 
kidneys  are.  \\  hether  this  is  simply  an  ef¬ 
fect  of  impermeability  is  not  known.  Cducose 
offered  by  the  blood  stream  could  possiblv 
be  utilized  by  sweat-gland  cells  for  the  syn¬ 
thesis  of  glycogen,  or  it  could  be  metabolized 
to  lactate  or  aerobically  to  carbon  dioxide 
and  water. 

In  contrast  to  Marchionini  and  Otten¬ 
stein  (53),  most  authors  do  not  find  any  cor¬ 
relations  between  the  sugar  content  of  blood 
and  of  sweat  (47,  83)  either  in  diabetic  hy¬ 
perglycemia  or  after  oral  and  intravenous 
administration  of  glucose.  The  results  of 
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Lobitz  and  Osterberg  (47),  however,  were 
not  uniformly  negative.  In  one  case  after 
intravenous  injection  of  glucose  they  ob¬ 
tained  18  mg.  glucose  in  100  cc.  of  sweat, 
which  is  considerably  higher  than  their 
average  value. 

The  whole  situation  is  rather  complicated 
because  all  investigators  calculated  the  total 


TABLE  1*  (76) 

Sum  of  Reducing  Substances  Expressed 
AS  Glucose  in  Mg/IOO  Sq  Cm 


Subjects 

1st 

Removal 

2d 

Removal 

■Id 

Removal 

Nondiabetic . 

Diabetic . 

0.070 

0.086 

0.036 

0.033 

0  021 

0  028 

*  Warm  water  applied  to  abdominal  skin  under  a  glass  bell 
8.5  cm.  in  diameter  for  10  minutes,  and  subsecjuently  twice 
more  for  10  minutes  in  each  experiment.  The  values  are  aver- 
ages  of  10  exi)€riments  in  each  normal  and  in  the  diabetic 
person. 

sum  of  reducing  substances  as  if  it  were 
glucose.  Yet  there  is  evidence  that  glucose 
is  only  a  fraction  of  the  total  reducing  ma¬ 
terial.  Schulze  (76,  77)  presented  evidence 
that  this  fraction  is  surprisingly  small.  A 
further  complication  arises  from  the  pres¬ 
ence  of  reducing  sugars  on  the  skin  surface, 
deriving  from  the  disintegration  of  keratin¬ 
izing  cells  (5,  98)  (p.  374). 

Concerning  the  presence  of  glucose  on  the 
nonsweating  skin  surface,  Marchionini  and 
Ottenstein  (53),  as  well  as  Carrie  and 


Koenig  (10),  found  by  the  so-called  “dialysis 
method”  (aj>i)lication  of  water  to  the  skin 
under  a  glass  bell)  measurable  amounts  of 
reducing  substances  in  normals  and  in¬ 
creased  amounts  in  diabetics.  These  e.xperi- 
ments  were  criticized  by  Schulze  (76),  who 
was  unable  to  confirm  the  findings  of  in¬ 
creased  amounts  in  diabetics.  The  experi¬ 
ments  of  Schulze  himself,  however,  indicate 
that  there  is  a  deposition  of  reducing  sub¬ 
stances  on  the  dry  skin  surface.  When  he 
made  repeated  applications  of  warm  water 
to  the  same  skin  area  under  a  glass  bell  in 
rapid  succession  and  estimated  the  amount 
of  reducing  substances  in  the  subsequent 
“dialysates,”  the  first  sample  proved  to  be 
considerably  higher  in  reducing  materials 
than  did  the  subsequent  ones  (Table  1). 

In  order  to  find  the  true  glucose  content 
in  sweat  and  on  the  skin  surface,  Schulze 
and  Kunz  (77)  used  the  quantitative  meth¬ 
od  of  estimating  the  phenylglucosazon  de¬ 
rivative  of  glucose.  In  this  way  they  found 
that  only  about  one-tenth  of  the  sum  of  re¬ 
ducing  substances  represents  glucose.  \\  hat 
the  rest  is,  would  be  rather  important  to 
know.  Schulze  and  Kunz  indicated  that  it 
could  be  some  phenolic  substances,  as  they 
found  2-8  mg.  phenols  in  100  cc.  of  heat 
sweat.  But  they  also  considered  the  possi¬ 
bility  that  reducing  substances  are  being 
formed  during  the  procedure  when  the  blood 
sugar  estimation  method  of  Hagedorn-Jen- 
sen  is  ai)plied  to  sweat. 


IV.  LACTIC  .\CII) 


Since  the  basic  observations  of  Schenk  in 
1926  (73)  and  of  Snapper  in  1928  (84)  on 
athletes,  the  presence  of  large  amounts  of 
lactic  acid  and  lactate  in  sweat  has  often 
been  confirmed.  During  heavy  muscular 
exercise  for  U  hours,  as  much  as  2.2  gm. 
may  be  secreted  with  the  sweat.  Similarly, 
large  amounts  are  secreted  with  thermogenic 
swLt  (see  Table  2).^  The  concentrations 
found  are  ten  to  twenty  times  higher  thmi  m 
the  blood,  and  it  has  been  assumed  that  the 
excess  lactic  acid  originates  from  the  brea  '- 
>  For  earlier  data  see  Rothman  and  Schaaf  (66). 


wn  of  glycogen  in  the  sweat  glands  (104). 
appears  that  lactic  acid  in  sw'eat  derives 
iin  some  anaerobic  glycolitic  {process,  be- 
Lise  in  the  sw'eat  of  an  extremity  the  ve¬ 
ils  circulation  of  which  is  occluded,  the 
:tic  acid  concentration  is  considerably 
Teased.  Dill  el  al.  (15)  doubt  that  in  ther- 
)genic  sweating,  with  maximal  blood  sup- 
^  to  the  glands,  anaerobic  glycolysis  would 
evail;  but  direct  investigation  of  this  pos- 
lility  is  lacking. 

Fishberg  and  Bierman  (18)  state  tha 
out  half  the  lactic  acid  is  present  as  tree 
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acid  in  sweat,  and  it  often  has  been  assumed 
that  this  free  lactic  acid  contributes  to  the 
acidity  of  sweat  and  skin  surface  (65,  97). 
.Also  it  has  been  suggested  that  the  lactic 
acid,  lactate  buffer  system  contributes  to 
the  buffering  capacity  of  the  skin  surface 
(58). 

Elimination  of  that  much  acid  with  the 
sweat  should  decrease  the  loss  of  base  (18, 
34).  However,  Dill  et  at.  (15),  from  calcula¬ 
tions  of  the  acid-base  balance  of  sweat,  do 
not  believe  that  lactic  acid  secretion  in  ac¬ 
climatized  persons  has  such  an  effect. 

The  lactic  acid  content  of  sweat  was 
found  by  Thurmon  and  Ottenstein  (97)  to 
be  higher  in  men  than  in  women,  a  difference 
which  measurably  influenced  the  pH,  caus¬ 
ing  more  acid  sweat  in  men  (chap.  8).  There 
is  no  difference  in  the  lactic  acid  concentra¬ 
tion  of  a.xillary  and  body  sweat,  but  it  is 
consistently  higher  in  the  sweat  of  males 
than  in  that  of  females  (58).  It  increases 
with  environmental  thermal  severity  under 
both  dry  and  humid  conditions  (104).  The 
most  remarkable  finding  in  this  field  has 
been  that  in  the  process  of  acclimatization 
the  lactate  concentration,  like  that  of  so¬ 
dium  chloride,  decreases  considerably.  After 
10-15  daily  3-hour  e.xposures,  it  may  fall 
frorn  300  to  100  mg.  per  cent  (104,  105). 
Dill’s  values  (15)  in  acclimatized  individuals 
are  as  low  as  45-76.5  mg.  in  100  cc.  (Table 
2).  Whereas  the  decrease  in  sodium  chloride 
concentration  has  been  satisfactorily  ex¬ 


plained  as  a  {)ituitary-adrenal  response  to 
stress  (j).  265),  the  decrease  in  lactic  acid  re¬ 
mains  a  baffling  problem. 

In  seborrheic  dermatitis,  increased 
amounts  of  lactic  acid  were  found  in  sweat  on 
the  scalp,  as  compared  with  normals,  and 
itching  was  attributed  to  this  excess  (4).  In 


TABLE  2 

L.^ctic  Acid  Concentration 
IN  Thermogenic  Sweat 


.Author 

Date 

Concentra¬ 

tion 

(Mg/  100 
Cc) 

Remarks 

Saiki,  Olmanson,  and 
Talbert  (69) . 

1932 

73-160 

Fishberg  and  Bier- 
man  (18) . 

1932 

250-350 

Weiner  and  van  Hey- 
n ingen  (105) . 

1951 

Up  to  300 

7'hurmon  and  Otten¬ 
stein  (97) . 

1952 

247-452 

Dill  et  a/.  (15) . 

1938 

45-76.5* 

In  accli- 

matized 

persons 

*  Calculated  from  milliequivalent  (mEq.)  values. 


acne  patients,  too,  values  higher  than  nor¬ 
mal  were  reported,  together  with  a  higher 
acidity  of  the  sweat  (58).  Unfortunately,  in 
this  work  the  two  groups  (acne  patients  and 
controls)  represent  two  different  age  groujis, 
and  therefore  no  conclusions  can  be  drawn 
about  the  role  of  acne. 


V  .  WATER-SOLUBLE  VITAMINS 


A.  \ttamin  b 

The  literature  on  the  presence  of  water- 
so  uble  vitamins  in  thermogenic  sweat  up  to 
1244  was  reviewed  by  Sargent,  Robinson, 
and  Johnson  (/]),  and  not  much  has  been 
added  since.  In  contrast  to  conclusions 
drawn  from  the  earlier  literature,  these  au¬ 
thors  concluded  that  loss  with  sweat  is  not 
a  significant  factor  in  depleting  the  body  of 

everwith  1 ’-'r  They  found  that, 

even  with  daily  losses  of  10-15  liters  of 

TOemilnr- »itl,  a  few 
exce,>lions.  ,s  greater  in  the  urine  than  in 


sweat.  They  emphasize  that  nobody  ever 
worried  about  loss  of  vitamins  in  the  urine 
and  that  there  is  even  less  reason  to  worrv 
about  sudoriferous  losses. 

The  presence  of  the  following  B  factors  in 
thermogenic  sw^eat  has  been  demonstrated 
and,  when  {lossible,  quantitatively  esti¬ 
mated:  niadn,  the  main  metabolic  excretion 
product  being  .V'  methyl-nicotinamide  (30)- 
pyridoxme,  the  main  metabolic  excretion 
product  being  4-pyridoxic  acid  (28);  folic 
acid  (.SI);  pantothenic  acid  (86,  71);  biotin 
(32),  inositol  (32);  and  Mminobenzoic  acid 
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(32).  Thiamine  and  riboflavin  are  either 
completely  absent  or  present  in  infinitesi¬ 
mally  small  amounts;  for  instance,  thiamine 
is  certainly  less  than  0.5  t/IOO  cc.  It  was 
shown  that  neither  thiamine  nor  riboflavin 
is  destroyed  if  added  to  freshly  secreted 
sweat.  Thus  it  can  be  concluded  that  they 
are  actually  not  secreted  by  sweat  glands 

(71). 

A  few  remarkable  features  were  noted: 
(1)  excretion  of  folic  acid  in  continuously 
profuse  sweat  is  five  to  six  times  greater  than 
with  the  urine  (31)  if  the  excretion  is  cal¬ 
culated  on  an  hourly  basis;  (2)  the  dermal 
loss  of  inositol  per  hour  increases  about  four¬ 
fold  under  hot,  moist  conditions,  and  at  the 
same  time  its  urinary  excretion  drops  to 
lower  levels  (32);  (3)  if  pyridoxine  is  ad¬ 
ministered,  its  excretion  by  sweat  increases 
(28);  (4)  absolute  amounts  of  pantothenic 
acid  increase  from  5.1  7/  hr  under  comfort¬ 
able  conditions  to  27.7  7,  hr  in  a  hot,  moist 
atmosphere.  But  its  concentration  is  higher 
in  the  insensible  sweat  under  comfortable 
conditions  than  in  actual  sw'eat.  This  is 


reminiscent  of  the  higher  concentration  of 
other  sweat  constituents  in  slowly  and  in¬ 
termittently  secreted  sweat,  as  established 
by  Lobitz  et  at.  (44).  Remarkably,  urinary 
excretion  of  pantothenic  acid  also  increases 
in  a  hot,  moist  atmosphere.  This  behavior  of 
pantothenic  acid  is  in  contrast  to  that  of 
inositol. 

B.  VITAMIN  C 

Losses  of  ascorbic  acid  with  the  sweat 
were  found  to  be  negligible  (71,  54)  even 
under  the  extreme  condition  of  losing  10 
liters  of  sweat  at  one  time.  Ascorbic  acid  it¬ 
self  is  not  found  in  sweat,  only  its  oxidation 
product,  dehydroascorbic  acid;  its  concen¬ 
tration  does  not  exceed  0.2  mg.  in  100  cc. 
sweat.  Sweat  oxidizes  added  ascorbic  acid 
to  the  dehydro  derivative.  This  is  not  an 
enzymatic  process;  the  oxidizing  principle  is 
heat-stable.  If  sweat  is  boiled,  the  destruc¬ 
tion  of  ascorbic  acid  is  even  accelerated. 
This  might  be  due  to  liberation  of  some 
previously  bound  heavy-metal  trace  or  to 
decomposition  of  protecting  proteins  (71). 


VI.  ELFXTROLYTES 


A.  CHLORIDE  AND  SODIUM 
ON  THE  DRY  SKIN 

Under  comfortable  environmental  condi¬ 
tions,  the  aqueous  film  of  the  “dry”  skin 
surface  (including  the  surfaces  of  the  lamel¬ 
lae  in  the  stratum  disjunctum  of  the  horny 
layer)  always  contains  salt,  because  of  the 
continuous  “insensible”  sweat  secretion  and 
the  cell  disintegration  connected  with  kera- 
tinization  and  sebum  formation. 

If  one  endeavors  to  investigate  the  pos¬ 
sible  clinical  significance  of  variations  in 
the  salt  content  of  the  surface,  the  values 
will  have  to  be  expressed  as  related  to  sur¬ 
face  rather  than  in  terms  of  concentration. 
Such  work  was  initiated  by  Arn  and  Reimer 
(3).  They  measured  the  minimum  dermal 
sodium  losses  in  two  normal  male  adults  at 
sodium  balance  without  visible  activity  of 
sweat  glands.  The  total  loss  was  found  to  be 
4  06  and  4.40  mEq.  Na  (93.4  and  103.2  mg., 
respectively)  per  24  hours.  Calculated  for 


irface,  this  was  2.22  and  2.18  niEq.  (or 
1.06  and  50.14  mg.)  Na  per  square  meter  in 
4  hours.  If  all  this  sodium  were  attached  to 
iloride,  the  amount  of  sodium  chloride 
epiosited  on  1  square  meter  of  the  adult  hu- 
lan  male’s  skin  surface  would  be  an  average 
f  128.7  mg.  Obviously,  this  figure  is  modi- 
ed  by  dietary  intake,  by  e.xercise,  and  by 
msory  (mental)  stimulation  of  sweat 
lands. 

Hancock  et  at.  (23)  recovered  83  mg.  chlo- 
Ide  in  the  bathing  water  of  an  individual 
^ho  had  not  bathed  and  not  sweat  visibly 
jr  1  week.  This  would  correspond  to  136 
ig  of  sodium  chloride  over  the  whole  body 
nrface  (excluding  the  head)  if  all  chloride 
,^ere  attached  to  sodium.  The  authors  be- 
eved  that  all  this  material  originated  from 
sebaceous  and  keratinous”  debris,  because 
he  bathing  water  contained  almost  as  niuch 
.otassium  (77  mg.)  as  chloride.  In  fluid 
weat  the  relation  C1:K  is  known  to 
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about  9:1  (p.  215).  Schwenkenbecher  (81) 
estimated  the  daily  sodium  chloride  losses 
through  nonsvveating  skin  of  a  normal  adult 
to  be  much  higher,  namely,  330  mg/day,  on 
the  average.  He  attributed  this  dermal  loss 
of  sodium  chloride  entirely  to  invisible 
sweat  secretion.  Bathing  in  water  momentar¬ 
ily  removes  all  chloride  from  the  surface,  but 
the  replenishment  is  fast,  as  was  shown  by 
Carrie.  His  values  were  obtained  by  placing  a 
water-filled  glass  cylinder  on  the  skin  and 
taking  aliquot  fractions  of  the  fluid  for 
analysis  at  regular  intervals  (9). 

That  the  salt  content  of  the  horny  layer 
is  not  necessarily  caused  by  sweat  imbibi¬ 
tion  is  concluded  from  the  fact  that  not  only 
the  ash  of  the  horny  layer  but  also  that  of 
hair  always  contains  salt,  even  in  parts  far 
away  from  the  surface.  The  participation  of 
insensible  sweat-gland  activity  in  the  depo¬ 
sition  of  salts  on  the  skin  surface  could  be 
investigated  best  by  carrying  out  estima¬ 
tions  before  and  after  atropinization  or  by 
comparing  the  values  in  normals  with  those 
of  patients  with  anidrotic  ectodermal  dys¬ 
plasia. 


B.  CHLORIDE  AND  SODIUM  CONTENT 
OF  ECCRINE  SWEAT 

The  concentration  of  chlorides  in  eccrine 
sweat  depends  on  many  factors  and  is  ex¬ 
tremely  variable  but  is  always  hypotonic  as 
compared  with  blood  plasma  (39).  Cal¬ 
culated  as  sodium  chloride,  values  from  0.06 
to  0.5  per  cent  were  reported  in  the  older 
literature  (66).  Measurements  of  Ladell  (39) 
in  the  Arabian  desert  yielded  concentrations 
of  from  0.1  to  0.6  per  cent,  with  a  mean  of 
0.  9  per  cent.  Conn  (11)  found  a  mean  of 
0.4  per  cent  in  unacclimatized  individuals 
Kittsteiner  (36,  37),  E.  F.  Adolph  (2),  and 
Hancock  et  at.  (23)  claimed  that  0.5  i)er  cent 
sodium  chloride  concentration  is  a  maxi¬ 
mum  never  surpassed.  Ladell  (39)  himself 
found  that  isotonicity  with  blood  plasma  is 
approached  only  under  extremely  severe 
conditions.  Sodium  concentration  is  almost 
entirely  equivalent  with  that  of  chloride, 
and  they  vary  m  a  parallel  fashion.  The 
normal  range  of  sodium  concentration  is 


given  as  0.03-0.138  per  cent  or  15-60 
mEq/1  (61). 

The  first  factor  influencing  chloride  con¬ 
centration  k  the  duration  of  thermal  sweat¬ 
ing  during  a  single  exposure:  the  chloride 
concentration  rises  with  time,  and  this  con¬ 
tinues  independently  of  whether  the  rectal 
temperature  remains  constant  or  decreases. 
Possibly  this  is  a  fatigue  effect;  the  over¬ 
worked  glands  are  not  able  to  maintain  the 
osmotic  difference  between  blood  and  sweat 
(23,  39).  That  there  actually  exists  a  fatigue 
of  sweat  glands  could  be  best  demonstrated 
by  measuring  the  total  volume  of  sweat 
under  severe  thermal  conditions.  Hourly 
rates  of  sweating  decline  steadily  when  work 
is  done  in  severe  heat,  even  in  well-ac¬ 
climatized  individuals  and  even  if  dehydra¬ 
tion  is  counteracted  by  unrestricted  drink¬ 
ing  of  a  0.1  per  cent  saline  solution  (20). 
This  decline  is  greater  in  humid  than  in  dry 
heat  (62,  63).  The  increase  in  chloride  con¬ 
centration  with  continuous  sweating  can  be 
counteracted  by  the  administration  of  des- 
o.xycorticosterone.  Cortical  extracts  also  re¬ 


duce  the  sodium  content  but  increase  the 
potassium  content  (39). 

The  second  factor  influencing  chloride 
concentration  is  the  rate  of  sweating.  Since 
Uie  first  observation  by  Kittsteiner  (36,  37), 
it  has  been  confirmed  many  times  that  the 


rate  of  sweating  (33).  In  other  words,  the 
more  profuse  the  secretion,  the  greater  the 
salt  content  of  the  sweat.  The  sweat-rate  fac¬ 
tor  has  proved  to  be  so  decisive  that  Locke  et 
at.  (50)  established  a  chloride  concentration 
sweating-rate  index  and  found  that  the  in¬ 
fluence  of  various  other  factors  can  be  stud¬ 
ied  with  much  greater  reliability  if  this  index 
IS  measured  instead  of  simply  measuring 
chloride  concentration  (p.  266). 

The  third  factor  on  which  chloride  con¬ 
centration  depends  is  the  temperature  of  the 
skin  (12,  37,  23,  66).  The  higher  the  skin 
surface  temperature,  the  greater  is  the  chlo¬ 
ride  content.  Robinson  et  al.  (64)  have 
show,,  that  not  only  the  chloride  but  also 
the  sodium  concentration  is  significantly 
lower  on  cooled  parts  of  the  body  and  that 
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the  salt  concentration  of  the  sweat  can  be 
rapidly  changed  locally  on  one  hand  when 
its  skin  temperature  is  lowered  or  raised. 
The  chloride  content  of  palmar  sweat  shows 
the  same  variations  with  changing  skin 
temperatures  (13). 

The  chloride  content  of  palmar  sweat 
differs  considerably  from  that  of  eccrine 
sweat  on  other  parts  of  the  body,  in  so  far  as 
its  concentration  may  considerably  exceed 
that  of  the  blood  plasma  (46).  This  is  par¬ 
ticularly  true  for  the  slow,  intermittent  type 
of  secretion,  in  which  sodium  chloride  values 
up  to  1.64  per  cent  (average  1.06  per  cent) 
were  recorded.  Lobitz  et  al.  interpreted 
these  conspicuously  high  values  as  being 
caused  by  reabsorption  of  water  from  the 
ducts,  occurring  when  the  secretion  is  slow 
and  sluggish  (46)  (p.  190).  Lobitz  found 
that  in  profuse  palmar  sweat  the  mean  con¬ 
centration  was  0.385  per  cent  sodium  chlo¬ 
ride.  Darling  (13),  studying  profuse  sweat¬ 
ing  of  palms,  found  in  most  cases  less  than 
half  the  chloride  level  of  blood  plasma. 

The  salt  concentration  in  sweat  also  de¬ 
pends  on  the  salt  intake  (36,  37).  Locke  et  al. 
(50)  have  shown  that  at  a  constant  rate  of 
sweating  the  chloride  concentration  paral¬ 
lels  the  salt  intake.  With  excess  salt  intake 
in  normals,  the  chloride, /sweating-rate  in¬ 
dex  reaches  unusually  high  values,  ap¬ 
proximating  those  which  one  hnds  in  un¬ 
treated  Addisonian  patients.  I  hese  authors 
also  find  that  the  concentration  of  sodium 
in  sweat  rises  and  falls  with  the  concentra¬ 
tion  of  chlorides,  and  vice  versa.  If  only  the 
amount  of  sodium  or  only  that  of  chloride  is 
increased  in  the  diet,  the  chloride  values  or 
the  indices  in  sweat  remain  in  the  normal 
range.  If  a  diet  contains  high  amounts  of 
potassium,  the  sodium  chloride  content  of 
the  sweat  drops  (50).  One  might  be  inclined 
to  speculate  on  the  possible  clinical  signifi¬ 
cance  of  considerably  decreasing  the  sodium 
chloride  content  of  the  skin  surface  by  either 
low  sodium  chloride  or  high  potassium  in¬ 
take.  If  the  salt  intake  is  restricted,  the 
sweat  glands  adjust  themselves  with  de¬ 
creased  salt  secretion  (39).  According  to 
Conn  (It),  this  is  achieved  by  reabsorption 


of  salt.  He  finds  that  if  1.9-3. 2  gm.  salt  are 
given  daily  and  5-9  liters  of  sweat  are  se¬ 
creted,  the  limit  for  reabsorption  of  salt  by 
the  sweat  glands  is  0.25-0.35  gm.  NaCl  per 
liter  (p.  190). 

One  of  the  most  significant  changes  in 
chloride  concentration  is  its  rapid  and  sub¬ 
stantial  decrease  during  acclimatization  to 
heat.  This  phenomenon  is  discussed  in  chaji- 
ter  10,  page  265. 

The  salt  content  of  sweat  is  also  influ¬ 
enced  by  the  prevailing  environmental  tem¬ 
perature.  In  winter,  sweat  contains  almost 
twice  as  much  salt  as  in  summer.  The  mean 
CD  values  were  found  to  be  63.6  mEq/1 
(0.226  per  cent)  CD,  or,  calculated  for  NaCl, 
0.372  per  cent  in  winter;  and  32.9  niEq  1 
(0.117  percent)  CD,  or,  calculated  for  NaCl, 
0.192  per  cent  in  summer  (14).  The  seasonal 
difference  is  independent  of  the  rate  of 
sweating;  not  only  the  absolute  concentra¬ 
tion  of  chloride  but  also  the  sweat  chloride, 
sweating-rate  index  of  Locke  et  al.  (50)  are 
much  higher  in  winter  than  in  summer.  This 
peculiar  “conditioning”  of  sweat  glands  in 
summer  is  possibly  a  special  case  of  “ac¬ 
climatization.”  Indeed,  on  repeated  sweat¬ 
ing  bouts  in  winter  the  chloride  concentra¬ 
tion  has  a  great  tendency  to  fall,  so  that  in 
3-8  days  the  range  of  sweat  chloride,  sweat¬ 
ing-rate  index  reaches  that  of  summer  in¬ 
dices.  W'ith  the  same  number  of  repeated 
sweating  bouts  in  summer  there  is  no  such 
tendency  (50). 

An  ample  supply  of  drinking  water  de¬ 
presses  the  concentration  of  sweat  chlorides 
(53).  However,  this  is  a  highly  insufficient 
and  inappropriate  method  to  spare  the  or¬ 
ganism  from  excessive  losses  of  chloride.  I 
water  alone  is  given  in  profuse  sweating,  the 
rate  of  sweating  will  be  increased,  and  this 
will  invariably  involve  greater  salt  losses. 
Similarly,  the  administration  of  salt  without 
water  is  a  dangerous  procedure.  Ladell  (41) 
gives  the  following  account  of  the  necessity 
for  administering  salt  and  water  simulDne- 
ously.  Sweat  derives  from  extracellular  fluid, 
and  its  secretion  disturbs  the  osmotic  equi¬ 
librium.  If  salt  is  not  replaced,  water  t  ows 
from  the  extracellular  to  the  intracellular 
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compartments,  until  the  osmotic  pressure 
there  decreases  and  the  fluid  content  in¬ 
creases.  When  salt  is  given  but  no  water  at 
all  or  only  slowly,  the  water  loss  is  borne  by 
the  intracellular  compartment,  and  the 
osmotic  pressure  rises  in  both  compart¬ 
ments.  Life  becomes  endangered  in  water 
deficiency  by  intracellular  desiccation  (41) 
and  in  salt  deficiency  by  a  fall  in  colloid 
osmotic  pressure  in  the  cell  fluids  (51). 


C.  DERMAL  LOSS  OF  POTASSIUM 


According  to  Hancock,  Whitehouse,  and 
Haldane  (25),  under  resting  conditions  in  a 
cool  environment  the  loss  of  potassium 
through  the  skin  is  in  excess  of  that  of  so¬ 
dium.  They  found  that  in  the  wash  water  of 
an  adult  man  67-84  per  cent  of  the  total 
chlorides  accounted  for  potassium  chloride, 
when  all  the  potassium  was  calculated  as 
chloride.  It  is  not  known  how  much  of  this 
{)otassium  derives  from  scales  and  sebum 
and  how  much  from  insensible  sweat.  With 
visible  sweat  setting  in  and  with  increasing 
chloride  losses,  the  proportion  of  potassium 
to  sodium  gradually  declines  to  1:9.  In 
other  words,  sweat  which  is  not  contami¬ 
nated  by  salts  derived  from  epidermis  and 
sebaceous  glands  contains  about  nine  times 
as  much  sodium  chloride  as  potassium  chlo¬ 
ride  (25). 


Hill  et  at.  (15),  studying  sweat  electro¬ 
lytes  in  acclimatized  individuals,  found  that 
not  only  concentration  of  Na+  and  CH  but 
—to  a  lesser  degree— that  of  K+  also  in¬ 
creases  with  the  rate  of  sweating,  while  the 
nitrogen  content  decreases  (Table  5).  These 
authors  point  out  that  the  concentration  of 
potassium  in  sweat  is  about  the  same  as  in 
interstitial  fluids,  whereas  the  concentration 
of  Na+  and  CH  may  be  as  low  as  one-tenth 
the  concentration  in  the  interstitial  fluids 
In  diseases  of  the  adrenal  glands  and  in 
Stress  situations  the  sodium  to  potassium 
relationship  is  modified  in  the  sweat,  reflect¬ 
ing  the  electrolyte  dysbalance  in  the  blood. 
In  adrenal  insufi'iciency  this  ratio  of  sodium 
to  potassium  also  reflects  the  inability  to  ac¬ 
climatize  (p.  266). 

In  infants  the  relative  amounts  of  potas¬ 


sium  losses  through  the  skin  are  greater  than 
in  adults,  jiarticularly  in  cases  of  visible 
sweating.  Pratt  et  at.  (60),  analyzing  skin 
washings  of  sweating  infants,  obtained  the 
following  ratios:  5  mM  Cl~,  6  mM  K+,  and 
4  mM  Na+. 

W'hereas  older  data  indicated  that  potas¬ 
sium  concentration  in  sweat  greatly  exceeds 
that  in  the  blood  serum  (66)  and  that  {lotas- 
sium  losses  may  contribute  to  the  symptoms 
of  heat  exhaustion  (6),  this  is  not  borne  out 
in  later  analyses.  Still  the  fact  remains  that 
the  jiotassium  concentration  of  sweat  is  al- 

TABLE  3  (15) 

.Average  Concentration  of  Sweat  Con¬ 
stituents  IN  .Acclimatized  Persons 
AT  Different  Swe.\ting  Rates 


Rate 

(Cc/ 

Min) 

N 

(Mg/ 

L) 

Cl 

(MEq/ 

L) 

Na 

(MEq/ 

L) 

K 

(MEq/ 

L) 

Low  rate . 

High  rate.  .  .  . 

13.1 

23. 1 

332 

280 

25.9 

31.9 

23 . 3 
31.9 

2.7 

3.1 

rnost  as  high  as  that  of  blood,  while  its  so¬ 
dium  concentration  is  far  below  the  blood 
level. 


UJ?  UlllER  MINER.\LS 
1 .  Calcium 

The  calcium  content  of  sweat  is  negli¬ 
gible.  All  investigators  agree  that  at  any 
time  its  concentration  in  sweat  is  much 
lower  than  in  blood  serum  and  that  as, 
sweating  progresses,  its  concentration  de¬ 
creases  further.  From  early  data  it  appears 
that  the  concentration  can  be  as  low  as  0.5 
mg.  per  cent  and  hardly  ever  exceeds  5  mg 
per  cent  (95).  Mitchell  and  Hamilton  (55) 

ound  an  initial  value  of  2.94  mg.  per  cent,  but 

ater  in  the  course  of  sweating  only  0.88  me. 
per  cent.  Still  the  daily  dermal  loss  of  cal¬ 
cium  under  conditions  of  minimal  sweating 
seems  to  be  comparable  to  that  of  chlorides 
It  was  estimated  to  be  149  mg.  (55).  This 
would  indicate  that  although  loss  with  sweat 
IS  minimal,  loss  with  epidermal  debris  is 
relatively  quite  high. 
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2.  Magnesium 

Small  amounts  of  magnesium  are  also 
present  in  eccrine  sweat.  Apparently,  there 
is  no  constant  relationship  between  the  cal¬ 
cium  and  magnesium  content  (93,  27).  The 
average  quotient  Ca  Mg  is  5:1.  The  range 
of  magnesium  concentration  found  by  Tal¬ 
bert  e(  al.  (93)  was  0.14-4.5  mg/ TOO  cc.  Both 
calcium  and  magnesium  may  be  entirely  ab¬ 
sent  in  sweat  (60).  Pratt  et  al.  stated  that  in 
infants  cutaneous  loss  of  calcium  and  phos¬ 
phorus  is  negligible  (60). 

3.  Sulfates  and  Phosphates 

Older  data  reveal  the  presence  of  sulfate 
and  phosphate  ions  in  eccrine  sweat  (66) .  The 
newer  literature  on  the  amount  of  sulfur  and 
phosphorus  in  sweat  was  reviewed  by  Spec- 
tor,  Hamilton,  and  Mitchell  (86).  Talbert 
(94)  found  a  phosphorus  range  varying  be¬ 
tween  traces  and  4.8  mg  100  cc;  but  Mitch¬ 
ell’s  maximal  value  had  been  only  0.22  mg/ 
100  cc  (55).  Talbert  (94)  found  more  phos¬ 
phorus  in  work  sweat  than  in  heat  sweat  and 
an  increased  amount  of  phosphorus  after  ad¬ 
ministration  of  a  diet  high  in  phosphorus. 

4.  Iron 

Mitchell  and  Hamilton  (55,  16)  calcu¬ 
lated  the  daily  average  dermal  loss  of  iron 
to  be  6.5  mg.  under  conditions  of  minimal 
sweating  and  an  increase  up  to  ten  times 
under  conditions  of  profuse  sweating.  In 
visible  sweat  its  concentration  was  1-2 
mg  1,  independently  of  the  rate  of  sweating. 
Adams  et  al.  (1)  found  6-10  mg  Fe  1  in  un¬ 
filtered  opalescent  sw’eat;  but  from  the 
supernatant  of  centrifuged  samples  they  re¬ 
covered  only  5  per  cent  of  the  original 
amount.  The  conclusion  was  arrived  at  that 
iron  is  contained  in  particulate  matter  and, 
therefore,  that  dermal  loss  of  iron  is  not  a 


sweat-gland  function  but  is  due  to  epidermal 
desquamation. 

Of  course,  it  should  be  considered  that 
ajiocrine  glands  may  w'ell  participate  in  the 
excretion  of  iron-containing  corpuscular  ele¬ 
ments.  On  the  other  hand,  the  relatively 
high  iron  content  of  cornified  epithelial  cells 
has  been  known  for  a  long  time  (66),  and 
there  can  be  little  doubt  that  dermal  loss  of 
iron  is  chiefly  due  to  epithelial  disintegra¬ 
tion.  Dermal  loss  of  iron  does  not  depend  on 
the  iron  intake  (55). 

The  relatively  large  dermal  loss  of  iron, 
no  matter  whether  by  glandular  activity  or 
by  desquamation,  is  unexpected  in  view  of 
the  well-established  fact  that  the  body  does 
not  absorb  significant  amounts  of  iron,  ex¬ 
cept  when  the  iron  stores  are  depleted  (22), 
and  that  only  insignificant  amounts  of  iron 
escape  into  the  urine  and  bile  (21).  Iron 
deriving  from  red  cell  decomposition  is  re¬ 
utilized  by  the  organism  (35).  In  other 
words,  the  adult  organism  has  a  stable  stock 
of  iron;  intake  and  output  are  at  an  extreme 
minimum.  With  these  facts  in  mind,  Whip¬ 
ple  et  al.  (87)  re-examined  the  problem  of 
iron  excretion  through  the  skin  by  ad¬ 
ministering,  orally  and  intravenously,  radio¬ 
iron  to  dogs  and  analyzing  skin  washings 
obtained  by  thorough  scrubbing  in  a  baby 
bathinette  and  by  using  tap  w’ater  and  a 
commercial  detergent.  In  this  way  little  or 
no  radioiron  could  be  removed  from  skin  and 
hair,  an  indication  that  no  significant 
amounts  of  iron  are  excreted  through  the 
skin.  This  is  in  contradistinction  to  the  re¬ 
sults  of  Mitchell  and  Hamilton  (55)  and  of 
Adams  et  al.  (1).^ 


2  If  radioiron  is  injected  into  rats,  there  is  con- 
ieral)le  storage  in  the  skin  (i)ersonal  conimunica- 
)n  of  Drs.  J.  Eldredge  and  VV.  F.  Bethard;  to  he 

d)lished). 
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I.  MARCHIONINI’S  “ACID  MANTLE” 


rr^HE  discovery  of  the  acid  nature  of  fresh-  mal  eccrine  sweat  was  found  to  be  3.8-vS.6; 

ly  secreted  eccrine  sweat  and  of  the  in-  that  of  sweat  from  areas  supplied  by  apo- 
tact  human  skin  surface,  the  first  application  crine  glands,  6. 2-6.9  (38).  When  apocrine 

of  electrometric  methods  of  pstimntJnfr  Ctl'-OOT  liroc  .Ti-l- _  _  .  11 
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of  electrometric  methods  of  estimating 
hydrogen-ion  concentration  on  the  skin 
surface,  the  development  of  the  concept  of 
the  “acid  mantle,”  and  discussion  of  its  pos¬ 
sible  significance  in  the  pathogenesis  of  der¬ 
matoses  have  often  been  reviewed  (50  31 
19,  1).  V  >  > 


~  J  ywwy. 

sweat  was  evaporated,  it  became  more  alka¬ 
line  instead  of  more  acid,  as  did  eccrine 
sweat. 

In  addition,  Marchionini  (35)  found  that 
the  predilectional  areas  of  seborrheic  der¬ 
matitis,  such  as  the  mid-lines  on  the  chest 

„  ,'i  back,  are  less  acid  than  other  noninter- 

In  tile  aqueous  lilm  on  most  jiarts  of  the  triginous  areas.  He  placed  great  emphasis 

idnT *7’  on  the  possibie  role  of  acid  pH  in  tlie  natural 

intertnginous  areas  arl  particul":;^' 

stated  that,  although  the  pH  of  the  skin  reDT  f  1  '  infections  because  of  their 

surface  first  becomes  less  acid  with  tfipn.  i  ive  y  high  surface  pH’s.  He  dealt  with 
of  sweating  (pH  5-6)  this  is  because  therapy  of  interdigital  fun- 

weakly  acid  sweat  dil’utes  the  higher  ackl  fnd  Th  M  "PPl^^^^ion  of  acids 

concentration  on  the  surface.  Butlith  pro-  see  also  55)  good  results  (39; 

gressive  evaiioration  of  sweat-water  t  hiihlv  u; 

acid  reaction  again  results.  The  increasing  on  thr^^^^^T  ^  *^^^"^’osions  of  Marchionini 
acidity  with  evaporation  of  water  from  n  ti  of  the  surface  pH  in  the 

sweat  was  observed  also  in  vitro  (38)  In  localization  of  skin  dis- 

mtertriginous  areas,  where  sweat  eCapora-  dat^hn  ^  controversial,  his  e.xperimental 
tion  is  hindered,  and  in  regions  supplied  by  times  (20^ 

apocrine  glands  the  reaction  was  found  to  be  of Tp  ’  f  ’  ’  ^'^crage  pH 

less  acid  or  ueu.rai  (35,  36).  The  pH  :J  rhe'!  lied  "ighallj:™™'’ 
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II.  pH  OF 

Freshly  secreted  eccrine  thermal  sweat  is 
always  acid  in  its  reaction,  even  if  some¬ 
times  less  acid  than  Marchionini’s  original 
data  indicated.  Talbert  et  at.  (64)  and 
Levin-Silvers  (31)  found  an  average  pH  of 
5.73;  Hardt  and  Palmer  (17),  an  average  of 
6.49.  As  sweating  progresses,  the  acidity 
mostly  decreases  (28,  27).  This  is  true  also 
when  sweating  is  produced  intermittently  in 
subsequent  periods  (17).  However,  Dill  et  at. 
(13)  also  observed  the  opposite  behavior  in 
some  cases:  the  sweat  became  more  acid  in 
subsequent  bouts.  Some  data  indicated  re¬ 
ciprocal  behavior  of  chloride  content  and 
acidity:  the  higher  the  salt  content,  the  less 
the  acidity  (28). 

In  any  case,  quite  considerable  amounts 
of  acid  may  be  lost  with  profuse  thermal 
sweating.  It  is  controversial,  however, 
whether  this  has  any  repercussion  on  the 
acid-base  balance  of  the  body  as  a  whole, 
namely,  whether  it  has  any  base-saving 
value  and/or  whether  it  may  lead  to  alkalo¬ 
sis  (16,  17,  13)  (p.  211). 

The  question  of  which  compounds  are  re¬ 
sponsible  for  the  acidity  of  eccrine  sweat  is 
undecided.  Three  compounds  or  groups  of 
compounds  must  be  considered:  (1)  Lactic 
acid  was  claimed  to  be  responsible  by  many 
(16,  49,  3,  66),  because  the  lactic  acid  con¬ 
tent  and  the  acidity  parallel  each  other  (44) 
and  because  of  the  good  buffering  capacity 
of  the  lactic  acid /lactate  system  at  pH  4-5 
(16).  (2)  Dicarboxylic  amino  acids  could 
participate.  Both  glutamic  and  aspartic 
acids  occur  in  sweat,  and  the  sum  of  their 
molar  concentrations  seems  to  be  greater 
than  that  of  the  basic  amino  acids  (23).  (3) 
The  normal  fatty  acids,  which  lie  on  the 
skin  surface  (pp.  317  ff.)  and  which  may  be 

III.  i>H  OF  THL  HLAL 

Precise  and  reliable  potentiometric  meas¬ 
urements  on  the  arms  of  normal  males,  fe¬ 
males,  and  children  were  carried  out  by 
L  H.  Blank  (4,  5,  6,  7)  with  the  Slass  elec¬ 
trode.  He  confirmed  that  the  pH  of  the 


SWEAT 

taken  up  by  the  out{)ouring  sweat,  can  influ¬ 
ence  the  pH  of  sweat  so  far  as  they  are  wa¬ 
ter-soluble.  The  great  bulk  of  the  free  fatty 
acids  on  the  skin  surface,  however,  are  high- 
molecular  acids,  whose  water-solubility  is 
negligible.  Propionic,  butyric,  pentanoic, 
and  hexanoic  acids,  as  far  as  they  are 
present,  may  contribute.  It  is  conspic¬ 
uous,  however,  that  removal  of  fatty 
acids  by  fat  solvents  does  not  essentially 
influence  the  pH  of  the  skin  surface  (4,  5, 
6,  7,  32).  Therefore,  they  could  hardly  influ¬ 
ence  that  of  sweat. 

If  eccrine  sweat  is  elicited  by  means  other 
tha  1  external  heat,  the  acidity  is  less  pro¬ 
nounced.  Talbert  (64)  found  an  average  pH 
of  6.4  in  sweat  after  exercise,  as  contrasted 
with  pH  5.7  in  thermal  sweat.  /Vccording  to 
Marchionini  (38),  the  pH  of  sweat  elicited 
by  systemic  administration  of  pilocarpine 
varies  and  is  sometimes  alkaline;  apocrine 
sweat  elicited  by  pilocarpine  injections  is  al¬ 
ways  on  the  alkaline  side. 

Hopf  (24)  succeeded  in  alkalinizing  sweat 
by  internal  administration  of  large  doses  of 
sodium  bicarbonate  and  acidifying  it  by  giv¬ 
ing  ammonium  chloride  or  acid  sodium 
phosphate.  The  pH  of  eccrine  sweat  was 
easier  to  influence  by  this  method  than  was 
apocrine  sweat,  the  original  pH  of  which 
was  much  less  acid  or  was  even  alkaline.  But 
even  eccrine  sweat  did  not  react  so  jiromptly 
to  these  alkalinizing  and  acidifying  agents  as 
did  the  urine.  Shelley  and  Hurley  (60),  who 
probed  single  apocrine  sweat  ducts,  found 
the  pH  of  apocrine  sweat  to  range  between 
5.0  and  6.5,  while  that  of  eccrine  sweat  was 
between  4  and  6.  The  apocrine  sweat  was 
more  alkaline  by  only  pH  0.5;  and  even  this 
difference  was  not  quite  certain. 

L'HY  SKIN  SURFACE 

aqueous  film  on  the  skin  surface  is  always  on 
the  acid  side,  varying  from  4  to  7  but  mostly 
being  between  4.2  and  5.6.  He  also  reiiorted 
the  following  significant  findings:  females 
average  0.5  unit  higher  than  males;  in  adult 
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males  the  pH  is  lower  than  in  prepubertal 
boys,  while  female  adults  have  averages  al¬ 
most  identical  with  those  of  prei)ubertal 
girls;  there  are  greater  individual  spread  and 
greater  diurnal  variation  in  the  female  than 
in  the  male,  which  are  api)arently  inde- 
j)endent  of  the  menstrual  cycle  and  of  at¬ 
mospheric  temperature. 

Draize  (14),  working  with  a  technic  simi¬ 
lar  to  Blank’s,  arrived  at  similar  results,  ex¬ 
cept  that  he  found,  as  Marchionini  (37)  had 
before  him,  some  suggestion  of  cyclic 
changes  in  women’  from  the  onset  of  men¬ 
struation  through  the  third  week  of  the 
cycle  there  was  a  slight  rise,  followed  by  a 
drop  during  the  fourth  week  of  the  cycle  to  a 
level  below  that  of  the  first  week  of  the  cycle. 
He  also  examined  Negro  males  and  found 
their  skin  surface  pH  higher  than  that  of 
white  males,  but  lower  than  that  of  white 
females.  Furthermore,  he  e.xamined  the  i)H 
of  the  skin  surface  in  a  number  of  laboratory 
animals  and  found  it  throughout  to  be  more 
alkaline  than  in  man,  the  values  in  the 
guinea  pig  coming  relatively  closest  to  the 
range  in  man.  This  higher  alkalinity  in  ani¬ 
mals  was  not  due  to  dirt;  washing  with 
water  or  with  water  and  soap,  and  thorough 
rinsing  did  not  alter  the  values.  Draize’s  re¬ 
sults  are  reproduced  in  Table  1  and  in 
Figure  1.  The  alkalinity  of  sweat  in  mam¬ 
mals  (pH  7.8-8.9)  other  than  man  was 
noted  long  ago  by  F.  N.  Schultz  (56)  and  by 
Korkisch  (30).  The  more  alkaline  values  in 
animals  support  the  view  that  the  strongly 
acid  surface  in  man  is  at  least  in  part  created 
by  eccrine-gland  activity,  which  is  lacking  in 
animals.  Fheir  sweat  corresponds  with  the 
apocrine  sweat  of  man. 

The  measurements  of  P.  \\  .  Schmidt  (54) 
with  the  quinhydrone  electrode  are  com¬ 
parable  to  those  of  Blank  (4).  He  obtained 
on  the  dorsa  of  forearms  of  adult  men  and 
women  an  over-all  average  value  of  pH  5.46 
with  a  si)read  of  4.5-6.0  in  men  and  5.0-6  0 
in  women. 

All  recent  data  confirm  the  acidity  of  the 
surface,  but  most  ranges  and  averages  show 
less  acidity  than  that  shown  in  the  original 
communication  of  Marchionini.  Most  values 


are  around  jiH  5,  and  no  values  below  pH  4 
have  been  reported  (12,  46).  Marchionini 
himself,  working  with  the  quinhydrone  elec¬ 
trode  in  1938,  reported  on  values  not  lower 
than  pH  5  (42). 

Herrmann  et  al.  (19),  working  with  an 
indicator  method,  paid  particular  attention 
to  the  pH  in  the  axilla  and  on  the  scalp. 
They  found  the  average  pH  on  the  scalp  to 
be  the  same  as  on  the  chest  and  on  the  ex¬ 
tensor  aspect  of  the  forearm,  the  average 
figures  in  all  age  groups  being  near  4.  In  the 


TABLE  1 


Normal  pH  Ranges  of  Skin  of  Man  and 
Common  Laboratory  .Animals  (14) 


Sul)ject* 

Extreme 
Limits  of 
Variation 

Range  for 
Approxi¬ 
mately 

95  Per 
Cent  of 
Readings 

General 
Aver¬ 
ages  for 
the  Vari¬ 
ous 

Subjects 

White  male . 

4.04-6.26 

4. 2-5.8 

4.85 

White  temale . 

4. 70-6.66 

4. 8-6. 2 

5 . 50 

Negro  male . 

4.39-6.63 

4. 4-6.0 

5.21 

Guinea  pig . 

4.26-7.17 

4. 8-6. 6 

5 . 50 

Monkey . 

5.50-7.52 

5. 8-7.0 

6.42 

Cat . 

5.57-7.44 

5. 8-7. 2 

6  43 

Rat . 

5.74-7.51 

5.8-7. 2 

6.48 

Rabbit . 

5.97-7.50 

6. 0-7. 4 

6.  71 

Hog . 

1 

5.18-9.18 

6. 2-8. 6 

7.52 

i.'cicrminaiions  were  made  on 

females,  and  25  Negro  males.  Areas  chosen  for' examination'in 
man  were  the  back  of  the  hand,  inner  aspect  of  the  forearm,  ante- 
cuhital  fossa,  upjmr  arm,  cheek,  and  forehead;  and  in  the  ani- 


wuiLc  males,  wnite 


a.xiiia  an  almost  linear  rise  in  pH  was  noted 
with  age  from  infancy  on,  with  an  additional 
increment  in  puberty.  Further  alkalinization 
continued  long  after  the  conventionally  as¬ 
sumed  end  of  puberty.  One  may  assume 
that,  like  the  development  of  sebaceous 
glands,  that  of  apocrine  glands  also  con¬ 
tinues  for  some  time  after  the  age  of  “ado¬ 
lescence.” 

Regionally  there  seems  to  be  little  differ¬ 
ence  in  the  surface  pH  in  areas  supplied  by 
ecenne  sweat  glands  only.  But  lower  acidity 
in  intertrigmous  areas  and  in  other  areas 
wiere  sw-eat  does  not  evaporate  (also  on 
soles  of  feet  [40])  has  remained  an  often 
conlirmed  fact.  Herrmann  et  al  (19)  have 
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contirmed  the  alkalinity  of  interdigital 
spaces  of  the  feet. 

In  addition  to  eccrine  sweat  constituents 
(lactic  acid,  normal  fatty  acids,  dicarboxylic 
amino  acids),  the  “acidity”  of  keratin  in  the 
horny  layer  was  also  considered  to  con¬ 


tribute  to  the  surface  acidity  (59).  The  i)Oor 
water-solubility  of  keratin,  however,  makes 
it  improbable  that  it  has  any  measurable 
influence.  Its  possible  role  in  the  buffering 
capacity  of  the  surface  will  be  discussed 
later. 


REGION 

1 

SKIN  OF  BACK 

^o^'oocs 

SKIN  OF  BACK 

18  RABBITS 

SKIN  OF  BACK 

27  CATS 

SKIN  OF  BACK 

90  RATS 

SKIN  OF  BACK 

/  6  MONKEYS 

SKIN  OF  BACK 

/  93  GUINEA  PICS 

SKIN  OF  RIGHT 

UPPER  ARM 

/  MAN 

/  Sc  51  WHITE  MAtXS  - 

-iv  'n  S2  white  females - 

y  /  \  25  COLORED  MALES - 

- 1  ^  ^  I  1 - 1“ 

4^  Sw4  6^0  M  7.2  7.9 

pH  RANGE" 


1 —Normal  [)H  ranges  of  skin  of  man  and  common  laboratory  animals.  From  Draize  (14).  (ReprO' 
ducecl  by  permission  of  the  Williams  &  Wilkins  Company.) 


IV.  pH  OF  THE  SURFACE  IN  DISEASES 


There  are  two  different  pathological  as¬ 
pects  of  the  surface  acidity.  One  is  that 
alterations  in  the  surface  pH  regionally  or 
constitutionally  may  predispose  to  disease, 
and  the  other  is  that  the  disease  process  in 
the  skin  may  alter  the  surface  pH.  Marchi- 
onini  (35)  stressed  the  first  possibility,  but 
the  results  of  his  i)rophylactic  and  thera¬ 
peutic  attempts  to  keep  these  surkces  acid 
were  rather  modest,  and  direct  evidence  for 
the  role  of  low  acidity  in  bacterial  and  fun¬ 
gus  infections  was  not  presented.  The  whole 
situation  in  intertriginous  areas  is  different 
also  in  so  many  other  respects  (e.g.,  higher 
skin  temperature,  maceration  of  horny 
layer,  more  intense  mechanical  stress,  etc.) 
that  it  is  difficult  to  evaluate  the  role  of 
single  factors.  Schmidt  (54)  pointed  out 
that  the  pH  of  Sabouraud’s  medium,  in 


which  pathogenic  hyiihomycetes  grow  so 
well,  is  4.9,  hardly  less  acid  than  the  average 
skin  surface. 

Marchionini  (35)  emphasized  the  low 
acidity  of  all — intertriginous  and  noninter- 
triginous — predilectional  sites  of  seborrheic 
dermatitis.  Recently,  with  glass-electrode 
measurements,  Anderson  (1)  found  that  in 
children  with  seborrheic  dermatitis  the  pH 
is  raised  all  over  the  body  surface  (Fig.  2  and 
Table  2).  Thus  one  has  to  consider  seriously 
the  question  as  to  whether  or  not  this  high 
pH  is  part  of  the  constitutional  anomaly 
which  predisposes  to  seborrheic  dermatitis 
(kerosisof  Darier).  These  patients’  ability  to 
sweat  has  never  been  compared  with  that 
of  normal  [jersons.  It  is,  however,  an  empiri¬ 
cal  fact  that  the  uninvolved  skin  of  these 
patients  is  “dry”  rather  than  greasy,  as  the 
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name  would  indicate,  and  that  they  do  not 
well  tolerate  excessive  use  of  water  and  soaj). 
All  this  seems  to  make  it  worth  while  to 
study  in  greater  detail  the  sweating  ability, 
sebaceous  excretions,  and  surface  pH  of  un- 


which  is  relieved  by  washing.  The  pH  on  the 
surface  of  of  inflammatory  lesions  seems  not 
to  be  altered  substantially  as  long  as  the 
superficial  barrier  which  hinders  diffusion  of 
alkaline  (or  neutral)  extracellular  fluid  to 


n,en,s.Fro,„^r„ll';:f“)'l2pr„dt«rS“e™ 


involved  skin  in  these  patients  than  has 
been  done  hitherto. 

Even  more  significant  is  a  finding  of 
Anderson  (1)  on  “dry”  or  .xerodermatic 
skin,  a  type  which  is  often  associated  with 
Besmer’s  prurigo  (atopic  dermatitis) :  on  dry 
skin  the  pH  tends  to  be  raised  over  the 
whole  body  surface  (Fig.  3  and  Table  2). 
This  might  be  explained  by  the  newer  con¬ 
cept  of  “synergism”  (21)  of  sweat  and  seba¬ 
ceous  glands.  Possibly  in  “dry”  skin  not 
only  sebaceous  excretion  but  also  sweat  se¬ 
cretion  is  reduced  (p.  294). 

High  acidity  of  the  scalp  was  thought  to 
be  sometimes  associated  with  itching  (3), 


table  2 


.\VERAGE  pH  Values  of  the  Skin  Surface 
UNDER  A  Variety  of  Conditions  (l) 


Normal 

Sebor¬ 

rheic 

Eczema 

Besnier’s 

Prurigo 

Dorsum  of  hand . 

Palm  of  hand 

Flexor  surface  of  wrist 
.\ntecubital  fossa.  . 
Axilla,  . 

Cheek. . . 

5 . 04 
5.25 
5,53 

5.44 

5 . 45 

5.71 

5.77 

5.74 

6.24 

6.33 

6.42 

6.45 

6.28 

5.47 

6.48 

5.35 

5.52 

5 . 63 
5.74 
5.84 

Scalp. 

c:  nn 

5.95 

Retroauricular  fold. 
Sole  of  foot 

o .  uu 

4.87 

5.52 

5.34 

Popliteal  fossa 

5.53 

5.33 

- - - 

5.87 
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the  surface  is  not  broken.  Scholtz  (55)  found 
acid  values  on  top  of  inflammatory  papules 
and  scaling  lesions  not  exceeding  i)H  6.1.  In 
chronic  lichenitied  and  scaling  “eczemas,” 
normal  values  or  very  little  alteration  was 
noted  by  Lustig  and  Perutz  (34)  and  by 
Levin  and  Silvers  (31). 

However,  as  soon  as  the  barrier  is  injured, 
as  is  the  case  in  acute  eczematous  derma- 


around  pH  7  or  higher.  However,  Marchio- 
nini  (40)  found  that  this  is  not  true  for 
vesicles  in  true  (nonmycotic)  dysidrosis,  in 
which  the  pH  of  vesicles  averages  5,  as  con¬ 
trasted  with  vesicles  caused  by  staphylo¬ 
cocci  or  fungi  (pH  7)  or  with  vesicles  of  -id 
reactions  (pH  7. 2-8. 2).  As  the  turning  point 
of  the  color  change  of  litmus  is  at  pH  6.8, 
Marchionini  (40)  felt  chat  testing  of  the 


Ltd.) 

titis  and  in  exfoliative  dermatitis,  the  values 
shift  noticeably  toward  the  alkaline  side 
(34,  55,  31)-  Wherever  there  is  admixture  of 
serous  fluid,  the  reaction  is  neutral  or  slight¬ 
ly  alkaline.  With  the  healing  of  the  process, 
the  original  acid  pH  returns  (31).  A  slightly 
increased,  but  still  frankly  acid,  pH  was 
found  in  alkali-irritated  skin  by  Lustig- 
Perutz  (34)  and  in  tinea  capitis  by  Herr¬ 
mann  el  at.  (19). 

The  content  of  most  cutaneous  blisters  is 


vesicle  content  with  litmus  pajier  could  be 
used  as  a  simple  clinical  diagnostic  test. 
Because  of  the  acidity  of  the  vesicle  content 
in  dysidrosis,  he  assumed  that  these  vesicles 
are  formed  by  sweat  retention.  Pereiro 
Miguens  (45)  found  that  in  hyphomycetic 
infections  the  pH  of  the  interdigital  spaces 
of  the  toes  is  strongly  acid,  as  contrastec 
with  the  pH  in  monilial  infections.  In  the 
latter  the  reaction  was  found  to  be  less  acid 
and  closer  to  normal. 
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V.  BUFFERING  CAPACFl'Y 


When  dilute  acids  or  alkalies  are  brought 
in  contact  with  the  skin  surface,  the  induced 
change  in  the  pH  is  only  temporary,  and  the 
original  acid  reaction  is  rapidly  restored.  In 
other  words,  the  skin  surface  acts  as  a  buffer 
system  which,  within  a  certain  range,  main¬ 
tains  its  original  pH.  This  phenomenon  has 
been  known  since  1892,  when  Heuss  (22) 
observed  the  discoloration  of  a  filter  jjaper 
soaked  with  alkaline  red  phenolphthalein 
solution  when  brought  in  contact  with  the 
skin.  W'ith  modern  indicators  the  buffering 
capacity  of  the  skin  was  studied  in  detail, 
first,  by  Sharlit  and  Scheer  (59),  who  found 
that  buffering  of  acids  is  more  complete  than 
that  of  alkalies. 

In  modern  times  Burckhardt  (8-11)  dealt 
with  the  so-called  “neutralization  capacity” 
of  the  skin  surface  by  using  methods  which 
consist  essentially  of  measuring  the  time 
period  needed  for  neutralization  of  certain 
concentrations  and  amounts  of  acids  and 
alkalies.  Studying  individual  differences, 
Burckhardt’s  first  principal  result  was  that 
there  is  a  correlation  between  the  alkali¬ 
neutralizing  capacity  and  the  alkali  toler¬ 
ance  of  the  skin:  individuals  whose  skin  is 
rather  sluggish  in  neutralizing  alkalies  are 
more  likely  to  suffer  damage  from  contact 
with  alkalies.  Recently,  Burckhardt  (11) 
found  this  to  be  true  also  for  acids:  good 
acid  neutralization  accompanies  good  acid 
resistance  of  the  skin.  He  found  that  neu¬ 
tralization  capacity  and  resistance  both  to 
acids  and  to  alkalies  usually  go  hand  in  hand 
m  the  same  individuals.  Persons  with  in¬ 
dustrial  eczema  and  other  contact  dermati- 
tides  are  often  unusually  sensitive  to  both 
acids  and  alkalies,  whereas  persons  with 
endogenous  eczema”  (atopic  individuals) 
have  normal  sensitivity  to  acids  and  alka- 
hes  Vermeer  (68),  working  with  a  different 
method,  found  that  many  patients  with  oc¬ 
cupational  eczema  neutralize  alkali  of  dif¬ 
ferent  concentrations  in  a  different  jiattern 
than  do  normal  patients.  Burckhardt  (10) 
also  emphasized  that  nonspecific  damage  by 


alkali  deriving  from  jioor  neutralization 
ability  may  pave  the  way  to  all  kinds  of 
contact  dermatitides  and  sensitizations. 
That  this  actually  hajipens  was  shown  by 
Haxt hausen  (18). 

Numerous  authors  have  confirmed  Burck¬ 
hardt’s  observation  on  correlations  between 
poor  alkali  neutralization  and  alkali  sensi¬ 
tivity.  Observations  on  acid  neutralization, 
however,  are  contradictory.  Schuppli  (58) 
found  fairly  uniform  responses  in  normal 
subjects  but  greater  resistance  and  faster 
neutralization  in  “eczematous”  patients.  He 
attributed  that  to  a  higher  alkalinity  of  the 
surface  in  the  alkali-sensitive  eczematous 
patients.  He  found  that  acid  resistance  is 
greater  when  the  “eczema”  is  worsening  and 
that  it  approaches  the  normal  pattern  when 
the  “eczema”  is  clearing.  According  to  his 
findings,  patients  with  eczema  are  more 
sensitive  to  alkalies,  but  more  resistant  to 
acids,  than  normals.  Schuppli  (58)  could  not 
demonstrate  any  change  in  the  neutraliza¬ 
tion  pattern  after  oral  administration  of 
ammonium  chloride  or  sodium  bicarbonate, 
and  he  found  no  relation  between  the  acid 
neutralization  and  the  alkali  reserve  of  the 
blood  or  the  pH  of  the  urine. 

Schmidt  (54)  was  able  to  measure  con¬ 
tinuously  the  acid  binding  of  the  skin  with 
great  accuracy.  He  found  that  although 
there  are  characteristic  individual  differ¬ 
ences,  the  pattern  is  fairly  uniform.  Indi¬ 
vidual  differences  might  have  been  partly 
caused  by  differences  in  thickness  of  the 
horny  layer.  He  did  not  investigate  correla¬ 
tions  between  acid  neutralization  and  tend¬ 
ency  to  skin  diseases. 


oLuwj/  Aviauuer  anci 
Gross  (29)  closely  followed  the  neutraliza¬ 
tion  on  dorsa  and  palms  of  hands  after  the 
use  of  soaps  and  detergents  and  discussed 
the  significance  of  their  findings  for  the  de- 
velopment  of  occujiational  dermatoses, 
he  nature  of  the  buffering  system  of  the 

discussed  many  times. 
Most  authors  agree  that  water-soluble  con- 
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stituents  of  sweat  deposited  in  the  horny 
layer  play  a  predominant  role.  The  most 
impressive  evidence  for  this  was  i)resented 
by  Robert  and  Jaddou  (48)  and  by  Wohn- 
lich  (70,  71),  who  demonstrated  that  atro- 
pinization  slows  down  considerably  the 
speed  of  neutralization,  and  by  Robert  and 
Jaddou  (48)  and  by  Vermeer  (68),  who 
found  that  profuse  sweating  initially  greatly 
accelerates  the  neutralization  of  alkalies 
(see  also  Burckhardt  [10]).  Conversely,  if  the 
skin  is  soaked  with  water,  whereby  water- 
soluble  substances  are  removed  from  the 
surface  and  from  within  the  horny  layer,  the 
neutralization  capacity  is  greatly  reduced 
(69).  It  must  be  due  to  the  reaction  with 
water-soluble  substances  that  by  far  the 
most  intense  neutralization  is  observed  in 
the  first  5  minutes  when  the  skin  is  in  con¬ 
tact  with  acid  or  alkaline  solutions  (69,  10, 
54). 

In  addition  to  sweat  constituents,  the 
keratin  of  the  stratum  corneum  was  also 
thought  to  be  able  to  buffer  the  reaction  of 
the  skin  surface,  keratin  being  an  ampho¬ 
teric  protein  with  the  ability  to  neutralize 
acids  and  alkalies  (50,  59,  47,  8-11,  57,  25, 
32).  Actually,  scales  scraped  from  normal 
skin  do  bind  just  a  little  alkali  in  vitro  (33).^ 
The  experiments  of  Vermeer  et  at.  (69)  seem 
to  indicate  that  the  buffering  capacity  of 
keratin  in  the  horny  layer  is  very  limited  and 
plays  a  minor  role,  if  any.  If  it  were  operat¬ 
ing  in  alkali  neutralization,  it  should  bind 
the  cation  of  the  alkali  and  make  it  disap¬ 
pear  from  the  solution  which  is  in  contact 
with  the  skin.  According  to  Vermeer,  this  is 
not  the  case  (69).  Still,  a  modifying  action  of 
keratin  is  assumed  (32).  Of  course,  without 
an  intact  keratin  layer,  neither  a  physio¬ 
logical  surface  pH  nor  normal  neutralization 
capacity  can  be  maintained  (2).  It  was 
found  that  the  thicker  the  horny  layer,  the 
better  the  buffering  (10,  69);  but  this  might 
be  due  to  a  greater  storage  of  water-soluble 
buffers  within  a  thicker  horny  layer. 

Vermeer  (69)  puts  great  emphasis  on  his 


'  For  detailed  studies  on  the  acid  and 
ing  properties  of  keratin  see  Steinhardt 
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conclusion  that  adsorption  or  other  colloid- 
chemical  processes  do  not  play  any  role  in 
the  neutralization  phenomenon.  All  that 
could  be  demonstrated  in  his  experiments 
was  formation  of  water  from  H+  and  OH“ 
ions,  as  is  the  case  in  any  acid-alkali  reaction. 

Among  the  sweat  constituents,  the  lactic 
acid/lactate  system  was  considered  to  be 
primarily  responsible  for  the  buffering  ca¬ 
pacity.  According  to  Fishberg  and  Bierman 
(16),  this  system  is  a  powerful  buffer,  around 
pH  4.0-4.5,  in  which  half  the  lactate  is  ion¬ 
ized  and  half  is  present  in  the  form  of  non- 
ionized  lactic  acid.  Recently,  however,  Ver¬ 
meer  et  at.  (69)  showed  that  after  alkaline 
solutions  had  been  in  contact  with  the  de¬ 
fatted  human  skin  surface,  they  contain 
amino  acids;  and  these  authors  believed 
that  the  principal  factors  in  buffering  the 
surface  are  the  amphoteric  amino  acids 
which  are  secreted  by  the  sweat  glands.  Ac¬ 
cording  to  Jacobi  (25),  if  the  amino  groups  of 
amino  acids  and  proteins  are  bound  by 
formaldehyde  or  by  nitrous  acid,  both  the 
acidity  of  the  surface  and  the  alkali-neu¬ 
tralization  capacity  increase.  This  would 
indicate  the  role  of  the  carboxylic  groups  of 
amino  acids.  Piper  (47)  found  good  buffering 
capacity  from  pH  4  to  pH  8,  with  a  maxi¬ 
mum  at  pH  6.5,  which  again  speaks  more  for 
the  decisive  role  of  amino  acids  than  of  lactic 
acid.  He  calculated  in  one  case  the  dissocia¬ 
tion  constant  of  the  acid  mixture  as  de¬ 
livered  by  the  skin  to  be  K  =  2.95  X  10“^ 
which  is  in  the  range  of  constants  of  car¬ 
boxylic  acids  in  general. 

Piper  (47)  dealt  in  great  detail  with  the 
possible  role  of  carbon  dioxide  and  came  to 
the  conclusion  that  the  neutralization  is 
partly  due  to  the  diffusion  of  CO2  from  the 
inside  to  the  surface  (p.  580).  If  a  tube  filled 
with  a  fixed  alkali  solution  is  placed  on  the 
skin,  after  a  while  there  is  no  more  uptake  of 
amphoteric  substances  from  the  skin  surface 
proper,  but  the  diffusion  of  CO2  increases. 
Vermeer  et  at.  (69)  thought  to  eliminate  the 
role  of  C()2  by  adding  excess  hydrochloric 
acid  to  the  solution  which  had  been  in  con¬ 
tact  with  the  skin  and  boiling  this  solution 
before  titrating.  In  this  way  they  found  that 
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the  carbon  dioxide/  carbonate  system  does 
not  play  any  role  in  surface  buffering.  How¬ 
ever,  Vermeer  (69)  paid  most  attention  to 
what  was  happening  in  the  first  few  minutes 
of  the  neutralization  process,  whereas  Piper 
(47)  followed  the  events  up  to  1  hour. 
Piper’s  own  conclusion  was  that,  for  |  hour, 
alkalis  are  neutralized  on  the  skin  by  the 
skin’s  own  amphoteric  substances  but  that 
in  the  second  half-hour  diffusing  carbon 
dioxide  takes  over.  Piper’s  observation  of 
increased  CO2  diffusion  when  a  0.02  N 
NaOH  solution  remains  in  contact  with  the 
skin  for  1  hour  might,  of  course,  be  due  to  a 
nonphysiological  loosening  of  the  “diffusion 
membrane”  in  the  skin. 

It  was  among  Burckhardt’s  earliest  ob¬ 
servations  (8,  9)  that  if  the  5-minute  alkali- 
neutralization  experiment  is  repeated  subse¬ 
quently  several  times  in  the  same  area,  the 
later  neutralization  times  are  longer  than 
the  earlier  ones,  but  finally  become  constant. 
His  interpretation  was  that  in  the  beginning 
the  fixed  acids  on  the  skin  surface  bind  the 
alkali,  but,  later  on,  it  is  the  steadily  diffus¬ 
ing  carbon  dioxide  which  takes  care  of  the 
neutralization.  This  view  was  acce[)ted  by 
Szakall  (62,  63)  and  by  Neuhaus  (43),  who 
experimented  with  conventional  soaps  and 
neutral  detergents.  Szakall  found  that  soajis, 
by  defatting  the  surface,  facilitate  carbon 
dioxide  diffusion,  and,  therefore,  the  restora¬ 
tion  of  the  original  j)H  is  usually  rapid.  A 
single  soap  washing  removes  about  50  j)er 
cent  of  the  total  surface  lipids.  A  most  im¬ 
portant  factor  in  the  soap  effect,  however,  is 
the  state  of  hydration  of  the  horny  layer 
after  rinsing,  because  the  hydrated  horny 
layer  retains  carbon  dioxide  and  slows  down 
Its  diffusion.  Thereby  moderate  hydration 
becomes  desirable,  promoting  the  main¬ 
tenance  of  an  acid  reaction. 

Washing  even  with  water  alone  causes 
moderate  hydration,  with  a  droj)  in  pH 
from  6.3  to  5.3  in  30  minutes  (63).  The  de¬ 
gree  of  swelling  or  shriveling  of  the  horny 
ayer  after  washing  with  water  and  soap  de¬ 
pends  on  the  quality  of  the  soap  and  on  the 
atmospheric  conditions.  In  cold  weather  ex 
treme  dehydration  of  the  horny  layer  ^is 


certainly  not  desirable,  as  it  may  lead  to 
cracking.  In  warm  weather,  when  the  kera¬ 
tin  is  inclined  to  swell,  soaps  with  greater  de¬ 
hydrating  effect  can  be  used  (63). 

Neuhaus  (43)  and  Szakall  (62,  63),  from 
their  experiments  with  soaps,  came  to  the 
conclusion  that  constant  penetration  of 
carbon  dioxide  to  the  skin  surface  from  be¬ 
low  promotes  alkali  neutralization  on  the 
surface.  This  diffusion  increases  when  the 
surface  is  defatted  (69,  43). 

The  question  of  whether  the  normal  free 
fatty  acids  on  the  skin  surface  take  any  part 
in  buffering  was  studied  by  Lincke  (32).  He 
found  that  sebum  has  no  acid-buffering  ca¬ 
pacity  at  all,  and  an  extremely  weak  buffer¬ 
ing  effect  on  alkalies,  the  maximum  effect 
being  at  pH  9,  where  3-5  X  mol  alkali 
is  neutralized  by  1  gm.  of  fat.  This  would 
amount  to  neutralization  of  12-20  mg.  of 
NaOH  by  1  gm.  of  sebum.  That  much 
buffering  is  indeed  negligible. 

Most  neutralization  experiments  have 
been  carried  out  after  cleansing  of  the  skin 
with  fat  solvents,  which  remov'e  most  of  the 
fatty  acids;  and  invariably  neutralization 
proceeds  faster  when  fat  is  removed.  Ver¬ 
meer  (69)  and  Neuhaus  (43)  believe  that 
greater  diffusion  of  carbon  dioxide  in  de¬ 
fatted  skin  may  contribute  to  this  effect. 
Be  that  as  it  may,  the  fatty  layer  no  doubt 
plays  a  role  in  neutralization,  in  so  far  as  it 
I)rotects  to  some  degree  against  contact 
with  aqueous  solutions  of  acids  and  alkalies 
by  simply  slowing  down  their  penetration 
(16,15,67). 


ocnmici 


louncl  a  considerable 
shift  toward  the  alkaline  side  of  the  surface 
pH  and  of  the  pH  of  sweat  in  cases  of  eczema 
and  seborrheic  dermatitis.  There  was  a 
diminished  alkali  neutralization  but  in¬ 
creased  acid  neutralization  capacity  in  the 
same  (hseases.  In  seborrheic  dermatitis  the 
high  pH  values  persisted  after  the  eruption 
cleared.  Some  therapeutic  effects  were  ob- 
served  >n  ecsema  after  internal  administra¬ 
tion  of  hydrochloric  acid;  at  the  same  time 

formal  '  Tl  became 

normal.  The  author  was  able  to  modifv 

surface  pH  also  by  local  application  of  vari- 
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ous  ointment  bases  for  several  hours.  It  was 
pointed  out  that  because  the  isoelectric 
point  of  keratin  is  at  pH  5,  any  increase  of 
pH  above  this  value  promotes  the  hydration 
(swelling)  of  keratin. 


The  recent  findings  of  Anderson  (1)  and 
of  Schmid  (53)  on  abnormal  alkalinity  of  the 
surface  in  seborrheic  dermatitis  and  in 
atopic  dermatitis  are  most  remarkable  and 
deserve  further  study. 
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1.  TRANSEPIDERMAL  W.ATER  LOSS 


AT  ALL  environmental  temperatures  there 
TTL  is  a  continuous  evaporation  of  water 
from  the  respiratory  passages  and  from  the 
skin  surface.  This  water  is  invisible,  and 
therefore  the  process  has  been  called  “in¬ 
sensible  water  loss.”  The  dermal  part  was 
called  “insensible  perspiration,”  to  contrast 
it  with  visible  sweat  secretion. 

“Insensible  perspiration”  has  two  sepa¬ 
rate  mechanisms.  There  is  an  insensible 
sweat  secretion  at  low  temperatures:  the 
droplets  are  so  small  and  evaporate  so  fast 
that  they  cannot  be  seen  with  the  naked  eye 
(p.  156).  They  can  be  seen  and/or  visualized 
by  different  staining  methods  when  ob¬ 
served  through  a  dissecting  microscope  (21- 
25,  49,  33,  42).  This  part  of  the  insensible 
water  loss  can  be  eliminated  by  atropiniza- 
tion.  However,  after  atropinization,  a  con¬ 
siderable  fraction  of  the  insensible  water  loss 
still  continues  to  occur.  Therefore,  it  is  con¬ 
cluded  that,  in  addition  to  insensible  sweat 
secretion,  there  is  a  continuous  water  loss 
through  the  epidermis.  This  part  cannot  be 
made  visible,  even  microscopically,  possiblv 
because  the  water  has  been  transformed  into 
vapor  before  it  has  reached  the  surface.  It 
was  proposed  that  this  jiart  be  called  “true 
insensible  perspiration”  (8),  but  the  expres¬ 
sion  “transepidermal  water  loss,”  indicating 

the  nature  of  the  process,  is  probably  to  be 
preferred. 


Details  of  why  and  how'  this  water  “as¬ 
cends”  in  the  epidermis  and  w'here  it  trans¬ 
forms  into  vapor  are  not  known.  Under  nor¬ 
mal  conditions  the  water  content  and  vapor 
pressure  of  the  epidermis  are  higher  than 
those  of  the  surrounding  air  (41),  and  one 
would  expect  loss  of  water  to  the  outside  on 
purely  physical  grounds.  But,  wdth  increasing 
atmospheric  humidity,  the  insensible  water 
loss  does  not  decrease  in  a  linear  fashion  or 
does  not  decrease  at  all  (37,  49,  58),  or,  at 
least,  it  is  very  difficult  to  demonstrate  the 
effect  of  atmospheric  moisture  (41),  Also 
there  is  no  clear  influence  of  environmental 
or  skin  surface  temperature  (44,  4,  20,  61).i 
Therefore  it  is  improbable  that  transepi¬ 
dermal  w^ater  loss  is  a  purely  physical  diffu¬ 
sion  process. 

.  Pure  arterial  hyperemia,  such  as  is  elicit¬ 
ed,  for  instance,  by  inhalation  of  amyl  ni¬ 
trite  (37)  or  by  alcohol  intake  (9),  seems  in 
some  cases  to  increase  insensible  water  loss 
through  the  skin,  but  this  is  not  regularly 
observed  (37,  20).  In  acute  inflamma¬ 
tory  processes,  with  increased  blood  flow 
to  the  skin,  increased  capillary  pressure,  and 

1.  Pinson  (41)  found  that  after  blockade  of  the 
sweat  glands  the  water  loss  is  doubled  when  the  skin 

SeThr.i'  would  in- 

dicate  that  the  process  is  purdy  physical  in  nature 

Hovvever  he  worked  on  skin  areas  which  were 

treated  electrophoretically  with  formalin,  and  such 

skin  cannot  be  regarded  as  normal. 
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increased  skin  temperature,  one  expects  the 
water  content  and  vapor  pressure  of  the 
epidermis  to  increase  if  physical  laws  pre¬ 
vail  ;  and  yet  the  transepidermal  water  loss 
is  not  only  not  increased  but  mostly  de¬ 
creased,  particularly  if  epidermal  damage  is 
involved  (37,  27,  45).  Likewise,  water- vapor 
loss  is  unchanged  or  decreased  over  edema¬ 
tous  skin  (19),  on  pitting  edema  (49),  as 
well  as  over  histamine  wheals  (38,  39,  41). 

On  the  basis  of  extensive  studies  Moog 
(38,  39)  came  to  the  conclusion  that  the 
transepidermal  water  transport  is  a  “vital” 
function  of  the  epidermal  cells.  He  finds  that 
formalin,  which  stops  sweat  secretion,  in¬ 
creases  transepidermal  water  loss;  and  he  in¬ 
terprets  this  finding  as  being  due  to  the 
“stimulation”  of  epidermal  cells.  He  also 
finds  that  with  the  circulation  arrested  by 
death,  insensible  water  loss  does  not  stop 
abruptly  but  ceases  very  gradually,  corre¬ 
sponding  with  the  gradually  decreasing 
metabolism  and  slowly  ensuing  death  of 


epidermal  cells.  Similarly,  by  complete  ar¬ 
rest  of  circulation,  Kuno  and  Ikeuchi  (28) 
could  suppress  insensible  water  loss  by  only 
about  30  per  cent  (from  4.5  to  3.1  mg.). 

My  idea  that  transepidermal  water  loss 
is  closely  connected  with  the  keratinization 
process  was  first  mentioned  in  1929  (49). 
Keratinization  is  associated  with  dehydra¬ 
tion  of  the  cellular  protoplasm  (p.  374).  The 
“hydration”  water,  when  liberated,  is  evap¬ 
orated  either  from  the  surface  or  from  be¬ 
tween  the  horny  lamellae.  This  theory  was 
supported  experimentally  by  the  demon¬ 
stration  of  increased  water  loss  from  lesions 
in  which  the  keratinization  process  is  accel¬ 
erated  because  of  increased  proliferation  of 
rete  cells  (46).  Further  work  to  prove  this 
theory  was  done  in  1945,  when  Felsher  and 
Rothman  (12)  demonstrated  that  m  lesions 
of  psoriasis  and  in  exfoliative  dermatitis- 
conditions  in  which  keratinization  is  greaUy 
accelerated— insensible  perspiration  is  in¬ 
creased  three  to  ten  times.  While  in  these 
conditions,  in  addition  to  accelerated  ker¬ 
atinization,  increased  permeability  to  water 
I)ossibly  participated  in  enhancing  transepi¬ 
dermal  water  loss,  such  an  additional  fact 


need  not  be  assumed  in  the  state  of  postin- 
flammatory  scaling.  In  ultraviolet  erythema 
there  was  no  increase  (45)  or,  at  best,  only 
a  moderate  increase  (12)  of  insensible  water 
loss.  But  4-9  days  after  irradiation,  when 
the  erythema  subsided  and  scaling  began, 
the  insensible  perspiration  rose  to  over  twice 
the  normal  figures  (12). 

Results  obtained  on  transepidermal  water 
loss  after  repeated  galvanic  introduction  of 
a  5  per  cent  formaldehyde  solution  from  the 
anode  according  to  the  method  of  Kuno  and 
Kashiwabara  (29),  as  used  by  Pinson  (41), 
do  not  necessarily  reflect  a  physiological  sit¬ 
uation.  It  was  stated  that  on  further  repeti¬ 
tion  of  this  procedure  the  skin  becomes 
scaly,  dry,  and  irritated  (41);  and  it  can  be 
assumed  that  a  subclinical  “irritation”  oc¬ 
curs  long  before  these  gross  changes  appear. 
I  am  inclined  to  attribute  the  increase  of 
transepidermal  water  loss  after  formalin 
treatment  (37,  41)  to  an  intensified  keratini¬ 
zation,  such  as  always  occurs  in  subacute  in¬ 
flammatory  processes.  Altogether,  the  “vital 
processes  of  the  epidermis,”  as  postulated  by 
Moog  (37),  can  be  well  explained  by  changes 
in  the  rate  of  keratinization.  The  assump¬ 
tion  that  transepidermal  water  loss  is,  in 
part  at  least,  a  function  of  the  keratinization 
process  was  substantially  supported  by  Vas- 
ti  (58),  w'hen  she  showed  that  the  water 
evaj)orating  from  the  surface  behaves  not 
like  free  water  but  like  hydration  water, 
since  it  has  a  considerably  lower  vapor  ten¬ 
sion  than  free  water. 

It  is  generally  agreed  that  water  lost 
*  through  the  epidermis,  as  contrasted  with 
sweat,  does  not  contain  salts  or  odier 
solutes.  It  is  indeed  remarkable  how  little 
chloride  is  found  on  the  skin  surface  after  a 
person  has  not  bathed  and  not  visibly  sweat 
for  1  w'eek.  Hancock  et  at.  (14)  recovered 
from  the  bathing  waiter  of  such  indivulua  s 
only  83  mg.  chloride.  Because  there  was  al¬ 
most  as  much  potassium  in  this  water  (  /  / 
mv.)  it  was  concluded  that  this  material 
originates  from  sebaceous  and  keratinous 

debris  (p.  212).  , 

Under  normal  conditions  sweat  ancl 

traiisepidermally  lost  water  mix  witl.  each 


Insensible 

other  in  the  horny  layer  and  on  the  surface, 
and  therefore  they  cannot  be  separated.  The 
situation  becomes  even  more  complicated  if 
one  accepts  the  claim  that  there  is  a  free  in¬ 
terchange  of  water  and  solutes  between  epi¬ 
dermis  and  the  intraepidermal  portion  of  the 
sweat  duct  (p.  193).  However,  Vasti  (58) 
was  able  to  demonstrate  continuous  water 
loss  in  most  of  her  e.xperiments  without  find¬ 
ing  any  traces  of  chloride  on  the  skin  surface. 

Whitehouse,  Hancock,  and  Haldane  (59) 
maintained  that  loss  of  water  through  the 
ei)idermis  is  due  to  osmotic  forces.  Accord¬ 
ing  to  this  view,  the  skin  separating  the 
blood  plasma  from  the  external  surface  be¬ 
haves  like  a  semipermeable  membrane 
which  is  slowly  permeable  to  water  but  prac¬ 
tically  impermeable  to  inorganic  salts.  The 
difficulties  in  interpreting  transepidermal 
water  loss  as  a  j^urely  physical  process  have 
been  mentioned.  The  j)articular  concept  of 
Haldane  has  the  additional  difficulty  that 
water  should  not  migrate  outward  at  all,  if 
osmotic  equilibrium  is  to  be  approached,  be¬ 
cause  the  aqueous  film  on  the  skin  surface  is 
said  to  be  hypotonic  as  compared  with  the 
plasma.  Nevertheless,  Whitehouse  et  al.  (59) 
found,  in  conformity  with  their  theory,  that 
in  a  distilled  water  bath  at  33°-34°  C.  there 
is  no  outward  loss  of  water  through  the  skin. 
There  may  even  be  some  gain  in  body 
weight  because  water  moves  inward  by 
osmosis.  If  salt  is  added  to  the  bath,  cutane¬ 
ous  water  loss  sets  in  and  increases  with 
increasing  salt  concentration.  These  data 
were  confirmed  by  Trolle  (55). 

There  has  been  much  speculation  about 
the  routes  of  migration  of  water  in  the  epi¬ 
dermis.  Seventy  years  ago  Unna  (56)  dem¬ 
onstrated  a  system  of  minute  canals  in  the 
dermis  which  had  their  origin  at  the  apices 
of  the  i)a[)illae,  spread  in  radial  fashion  to¬ 
ward  the  surface  layers,  and,  after  bending 
downward  again,  finally  ended  in  the  ducts 
of  the  sweat  glands.  He  assumed  that  water 
moves  through  this  canal  system,  and  he 
was  the  first  to  state  that  the  appearance  of 
water  at  the  sweat-gland  orifices  does  not 
necessarily  mean  that  this  water  is  the  prod¬ 
uct  of  sweat  glands,  because  there  is  free  in- 


U'aler  Loss 

terchange  of  fluid  between  the  epidermis  and 
the  epidermal  portion  of  the  sweat  duct. 
Melczer  (36),  on  the  basis  of  experiments 
with  aqueous  urea  infusions,  came  to  similar 
conclusions.  He  found  that  there  is  an  ex¬ 
change  of  materials  between  the  epidermal 
portion  of  the  duct  and  the  canal  system  of 
the  epidermis,  even  if  the  exchange  is  not  so 
free  as  Unna  thought  it  to  be.  He  also  as¬ 
sumed  that  water  diffuses  from  the  cutane¬ 
ous  vessels  into  the  epidermis  in  a  liquid 
state  and  evaporates  in  the  upper  third  of 
the  horny  layer.  According  to  Frieboes  (13), 
the  passage  of  water  through  the  epidermis 
is  effected  largely  by  the  epidermal  fiber 
system,  ‘‘which  behaves,  to  put  it  drastical¬ 
ly,  like  a  hydrophilic  tridimensional  network 
with  its  lower  free  end  hanging  down  into  a 
water  pool.” 

If  the  theory  that  transepidermal  water 
loss  is  due  to  the  dehydration  of  keratiniz¬ 
ing  cells  is  correct,  no  route  by  which  water 
migrates  upward  must  be  assumed.  Water 
“migrates”  upward  only  in  so  far  as  it 
ascends  as  intracellular  water  with  the  rete 
cells  and  is  liberated  only  when  the  cells 
keratinize.  Frieboes’  concept  fits  in,  in  so  far 
as  the  keratin  fibers  are  drier  than  the  intra¬ 
cellular  fibers  in  the  rete  cells. 

Persons  with  the  anidrotic  type  of  mul¬ 
tiple  ectodermal  dysplasia  are  ideal  subjects 
for  the  physiological  study  of  transepider¬ 
mal  water  loss.  This  condition  is  a  genetic 
anomaly,  in  which,  in  addition  to  develop¬ 
mental  disturbances  of  hair,  teeth,  and  other 
ectodermal  structures,  the  eccrine  glands 
are  entirely  or  almost  entirely  (11)  absent. 
In  these  persons  the  water  loss  through  the 
skin  is  practically  pure  transepidermal  loss. 

Physiological  studies  on  such  individuals 
were  carried  out  by  Loewy  and  Wechsel- 
mann  (34),  Richardson  (43),  Sunderman 
(54),  Felsher  (1 1),  Upshaw  and  Montgomerv 
(57),  and  others. 

At  rest  and  at  24°-25°  C.  air  temperature 
these  persons  feel  perfectly  well  and  elimi¬ 
nate  normal  quantities  of  water  through 
their  skin.  Their  evaporative  heat  loss  par¬ 
ticipates  in  the  total  heat  loss  in  an  entirely 
normal  fashion  (43).  But  if  their  metabolism 
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is  increased  by  exercise  beyond  a  certain  de¬ 
gree  or  the  air  temperature  is  raised  above 
the  comfortable  zone,  they  are  unable  to  re- 
si)ond  to  the  increased  heat  production  with 
a  corresponding  heat  loss  because  of  their 
inability  to  sweat.  Their  body  temperature 
rises  rapidly  to  fever  temperatures,  and  they 
become  hyperpneic.  In  some  cases  polyuria 
was  observed  after  heating;  this  is  either  be¬ 
cause  the  hyperpnea  leads  to  alkalosis  and 
alkalosis  to  diuresis  or  because  water  is  lib¬ 
erated  from  the  tissues  by  the  heat  and,  as  it 
cannot  be  secreted  by  sweat  glands,  escapes 
through  the  kidneys  (54). 

The  fact  that  at  comfortable  tempera¬ 
tures  cutaneous  insensible  water  loss  in  per¬ 
sons  without  sweat  glands  has  always  been 
found  normal  leads  to  the  conclusion  that,  in 
normal  persons,  there  is  no  sweat-gland 
function  at  these  temperatures.  However,  in 
our  own  experience  there  always  is  a  differ¬ 
ence  in  insensible  water  loss  before  and  after 
atropinization  in  normal  individuals  (45), 
whereas  such  a  difference  is  not  found  in 
anidrotic  ectodermal  dysplasia  (11). 

There  seems  to  be  no  mechanism  in  these 
persons  which  would  compensate  to  any  ap¬ 
preciable  degree  for  the  absence  of  sweat 


glands.  Increased  evai)o ration  from  the  re- 
si)iratory  passages  produced  by  hyperpnea 
does  not  inhibit  prompt  elevation  of  body 
temperature  on  heating.  Richardson  (43) 
found  that  heat  loss  by  radiation  and  con¬ 
vection  is  not  greater  than  in  normals.  Nev¬ 
ertheless,  it  is  remarkable  that,  on  heating, 
the  skin  temperature  of  these  persons  is 
greatly  increased  as  compared  with  normals: 
Sunderman  (54)  measured,  in  the  hot  room, 
102?8  and  104?0  F.  skin  temperatures,  re¬ 
spectively,  in  two  patients,  as  compared 
with  97?8  F.  in  normal  controls.  The  re¬ 
spective  body  temperatures  were  101  ?4  and 
102?0  F.  in  the  patient  and  98?6  and  98?4  F. 
in  the  normal  controls.  Obviously,  the  skin 
is  not  cooled  because  of  absence  of  evaporat¬ 
ing  sweat,  and  it  is  hard  to  believe  that  heat 
loss  by  radiation  would  not  increase  under 
such  circumstances. 

Apocrine  sweat  glands  are  fully  developed 
and  function  normally  in  these  individuals 
(11)  (Fig.  1).  It  is  not  known,  however, 
whether  they  measurably  counteract  the 
hyperthermia.  The  hyperthermia  can  be 
counteracted  by  sprinkling  the  body  surface 
with  water.  The  sprinkling  functions  as  a 
system  of  “artificial  sweat  glands”  (43). 


II.  TOTAL  INSENSIBLE  WATER  LOSS  FROM  THE  SKIN 


In  most  experiments  concerned  with  “in¬ 
sensible  perspiration”  of  the  skin,  invisible 
sweat  secretion  and  transepidermal  w'ater 
loss  are  not  separated,  but  the  sum  of  the 
tw'o  is  measured.  The  ratio  of  the  two  com¬ 
ponents  is  extremely  variable  and  apparent¬ 
ly  depends  primarily  on  the  mental  tension 
of  the  test  person  on  whom  the  measure¬ 
ments  are  made.  I  observed  that  in  clinical 
patients  the  total  vapor  loss  is  peater,  and 
a  larger  portion  of  it  can  be  eliminated  by 
atropinization,  than  in  members  of  the  staff 
who  are  used  to  such  experimentation  on 
their  skin.  In  the  latter  group  the  average 
ratio  at  comfortable  room  temperature  was 
found  to  be  one-tenth  sweat-gland  function 
and  nine-tenths  transepidermal  water  loss 
on  the  trunk.  On  the  palms  and  soles  the 
participation  of  sweat  glands  is  much  great 


er  (17).  In  any  case,  the  ratio  is  so  variable 
that  no  conclusions  can  ever  be  drawn  about 
the  participation  of  the  two  mechanisms  if 
they  are  not  artificially  separated  by 
atropinization  (45,  18,  19,  20,  8). 

The  majority  of  authors  still  maintain 


Lt  at  low  environmental  temperatures 
sat  glands  do  not  take  part  in  the  insen- 
le  water  loss;  and  Kuno  emphasized  that 
croscopic  proof  for  sweat  secretion  at  low 
nperatures  can  be  obtained  only  on  palms 
d  soles.  However,  Randall  (42),  with  his 
isitive  visualization  method,  found  peri- 
ic  sweat-gland  activity  also  on  the  fore- 
Ti  at  a  room  temperature  of  between  20 
d  27°  C.  My  finding  that  there  is  always  a 
Terence  in  values  on  the  trunk  before  and 
er  atropinization,  together  with  similar 

dings  of  Jores  (18,  19,  20)  and  of  Chro- 


m  areas  of  apocrine  glands  (axillae,  ui)per  part  of  chest'  an  f  "  shmving  confluence  of  sweat  dro] 
Minors  method  as  dark  patches.  Krim  F^her  (lir  Regions).  Sweat  visualize 

American  Medical  Association.)  ‘  (^^P^oduced  by  permission  of  the  author  anc 


238 


Physiology  and  Biochemistry  of  the  Skin 


metzka  and  Schweder  (8),  leaves  little  doubt 
that  there  is  an  “insensible”  sweat  secretion 
all  over  the  body  surface,  even  if  it  is  some¬ 
times  exceedingly  small.  The  periodicity  of 
water-vapor  delivery  at  low  temperatures 
(42,  40,  1,  2)  also  indicates  participation  of 
sweat  glands. 

The  total  insensible  water  loss  through 
skin  and  lungs  is  constant  under  basal  condi¬ 
tions  and  amounts  to  200  gm,  sq  meter/24 
hr.  About  60  per  cent  of  this  amount  is 
cutaneous  water  loss  (18,  3,  27,  59).  The 
total  cutaneous  water  loss  in  adult  men 
at  rest  and  without  visible  sweating  was  es¬ 
timated  to  be  between  500  and  700  gm. 
daily  (49,  27).  The  cutaneous  part  shows 
a  definite  decline  with  age  (20)  and  is 
slightly,  but  distinctly,  lower  in  women  than 
in  men  (15,  18,  19,  20).  However,  this  sex 
difference  was  not  established  after  atropini- 
zation,  and  thus  the  sex  difference  may  be 
due  to  the  difference  in  sweating  ability  (p. 
160).  According  to  Jores  (18),  the  total  in¬ 
sensible  loss  is  increased  at  night,  apparent¬ 
ly  proportionately  to  the  depth  of  sleep.  This, 
again,  could  be  caused  by  greater  sweat- 
gland  activity  at  night,  which  is  related  to 
increased  skin  temperature  in  bed  (50). 

The  total  insensible  loss  from  skin  and 
lungs  shows  a  linear  relationship  to  the  basal 
metabolic  rate.  This  fundamental  discovery 
of  Benedict  (4,  3)  has  often  been  confirmed 
(18,  19,  20,  30,  35).  This  relationship  exists 
because  the  total  heat  loss  is  a  function  of 
the  metabolism,  and  the  evaporative  heat 
loss  is  a  fairly  constant  fraction  of  the  total 
heat  loss,  viz.,  24  per  cent,  on  the  average 
(53).  The  total  insensible  water  loss,  includ¬ 
ing  lungs,  remains  constant  at  between  24° 
and  30°  C.  (16,  61).  Under  nonbasal  condi¬ 
tions,  parallelism  of  metabolic  rate  and  in¬ 
sensible  water  loss  can  be  demonstrated  with 
much  greater  accuracy  if  the  test  person  is 

atropinized  (18,  19,  20). 

Of  course,  it  is  hard  to  reconcile  the  con¬ 
cept  that  insensible  perspiration  is  a  thermo¬ 
regulatory  function  with  the  view  that  it  has 
something  to  do  with  keratinization  How¬ 
ever,  it  is  Ijy  no  means  impossible  that  the 
rate  of  keratinization  as  a  function  ot  epi¬ 


thelial  proliferation  closely  follows  the 
metabolic  rate. 

W  ater  intake  has  no  influence  on  cutane¬ 
ous  water  loss  in  the  adult  (49,  19,  50), 
but  it  increases  insensible  water  loss  in 
children,  whose  water  metabolism  is  more 
labile  and  in  whom  extrarenal  water  excre¬ 
tion  is  generally  higher  than  in  adults  (49,  8, 
16).  In  adults  insensible  perspiration  also  re¬ 
mains  uninfluenced  by  subcutaneous  or  in¬ 
travenous  physiological  fluid  infusions  and 
after  administration  of  antidiuretic  i)osterior 
pituitary  preparations  (8).  There  is,  how¬ 
ever,  a  diminution  in  extreme  dehydration 


(19). 

Retention  of  salt  and  water  in  renal  and 
cardiac  diseases  was  thought  to  dei)ress  in¬ 
sensible  water  loss  (49)  considerably,  but  re¬ 
cently  negative  results  have  been  reported  in 
cases  of  cardiac  failure.- 

In  hypothyroidism,  values  are  conspicu¬ 
ously  low;  they  increase  rai)idly  under  thy¬ 
roid  medication.  In  thyrotoxicosis  the  total 
insensible  perspiration  is  greatly  increased, 
as  well  as  the  cutaneous  water  loss  after 
atropinization  (20).  In  diabetes,  water  loss 
is  decreased  (22). 

It  appears  that  gross  shifts  in  the  salt  and 
water  balance  of  tissues,  as  they  can  be  pro¬ 
duced  in  acute  experiments  by  administra¬ 
tion  of  hypertonic  and  hypotonic  salt  solu¬ 
tions  parenterally,  have  a  profound  influ¬ 
ence  on  insensible  water  loss,  hypertonic 
solutions  binding  water  and  therefore  de¬ 
creasing,  hypotonic  solutions  releasing  water 
and  therefore  increasing,  insensible  loss.  The 
same  was  claimed  to  be  true  for  visible  sweat 
secretion  (49). 

Most  greasy  coverings  on  the  skin  hin¬ 
der  transepidermal  water  loss  (44,  20). 
Apparently,  if  the  grease  is  miscible  with 
water,  this  effect  is  less  pronounced  (.-^l).  m 
any  case,  the  natural  greasy  film  of  the  hu¬ 
man  skin  surface  does  not  seem  to  jilay  any 
role:  in  severe  postencephalitic  seborrhea, 
Jores  (20)  did  not  find  any  reduction  m 
insensible  persjiiration,  in  spite  of 
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presence  of  a  thick  oily  layer.  Estimating 
insensible  water  loss  in  vivo  under  different 
covers,  I  found  that  a  petrolatum  cover  de¬ 
creases  it  by  50  per  cent  but  zinc  paste  by 
only  20-50  j)er  cent,  because  of  the  more 
porous  nature  of  the  latter  (44). 

Inflammatory  skin  diseases  do  not  in¬ 
crease  the  transepidermal  water  loss  (45,  38, 
20),  except  those  which  involve  accelerated 
keratinization  (p.  234).  Greatly  decreased 
values  were  found  by  Jores  (20),  in  a  case 
of  “dry  generalized  hyperkeratotic  ec¬ 
zema.”  In  ichthyosis  vulgaris  the  values 
were  always  found  to  be  normal  (20,  46, 
12).  This  seems  to  indicate  that  ichthyosis 
is  not  connected  with  an  increased  rate  of 
keratinization  but  rather  is  an  anomaly  of 
the  shedding  process  (12).  Insensible  per¬ 
spiration  is  diminished  over  scars  and 
sclerodermatic  skin  (52),  but  the  possible 
role  of  sweat-gland  atrophy  in  this  diminu¬ 
tion  has  not  been  excluded. 
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Total  cutaneous  insensible  water  loss  in 
comfortable  environments  is  fairly  equal  all 
over  the  body  surface,  except  for  the  palms 
and  soles,  which,  because  of  their  more  con¬ 
tinuous  and  intense  insensible  sweating,  lo.se 
the  most  water  vaj)or.  Ikeuchi  and  Kuno 
(17)  differentiate  three  zones  in  which  in¬ 
sensible  perspiration  has  different  levels. 
With  the  figures  indicating  loss  of  water 
vapor  in  milligrams  per  20  square  centi¬ 
meters  per  5  minutes,  these  zones  are:  zone 
1,  palms  and  soles,  5-10  mg.,  sometimes 
even  20  mg.;  zone  2,  forehead,  neck,  cheeks, 
dorsa  of  hands,  2. 5-4. 5  mg.;  zone  3,  all  other 
parts  of  the  body,  0.7-1. 7  mg.  Kuno  (27) 
pointed  out  that  uncovered  parts  lose  more 
water  than  those  which  are  clothed.  Sode- 
man  and  Burch  (52)  find  the  rate  of  insen¬ 
sible  perspiration  in  a  comfortable  environ¬ 
ment  to  vary  regionally  in  the  following  de¬ 
scending  order:  hands,  feet,  head,  arms,  legs, 
trunk. 


III.  OUTWARD  PERMEABILITY  OF  THE  EPIDERMIS  TO  WATER 


The  fact  that  there  is  transepidermal 
water  loss  leaves  no  doubt  that  water  does 
penetrate  the  epidermis  from  the  inside  to 
the  outside,  even  if  only  in  small  amounts. 
On  excised  skin,  used  as  a  membrane,  this 
was  demonstrated  as  early  as  1875  (10;  see 
also  56,  26).  Recently,  this  whole  situation 
was  re-examined  by  Burch  and  his  associates 
(.•)2,  62,  6,  7),  who  found  that  diffusion  of 
water  through  the  skin  is  much  slower  than 
through  any  other  tissue.  By  measuring  per¬ 
cutaneous  water  loss  in  vivo  and  the  out- 
vv^ard  diffusion  of  water  through  excised  skin, 
they  found  the  same  values  throughout.’ 
lurthermore,  they  obtained  the  following 
results:  post  mortem,  the  resistance  of  the 
skin  to  diffusion  of  water  is  not  decreased  for 
days;  after  that  its  permeability  increases 
about  threefold,  but  then  remains  approxi¬ 
mately  at  the  same  level  for  61  days.  Can- 
haris  vesicle  tops  inhibit  diffusion  of  water  to 
he  same  degree  as  does  total  skin;  and,  on 
other  hand,  water  moves  most  raiiidly 
hrough  the  remaining  denuded  skin  afte^ 
he  removal  of  the  vesicle  top.  In  addition. 


the  authors  abraded  the  “corneum”  with 
sandpaper  {a)  lightly,  {b)  moderately,  and 
(c)  heavily  and  found  that,  with  increasing 
strength  of  abrasion,  the  penetrability  of  the 
skin  to  w^ater  increased  rapidly. 

According  to  these  authors,  all  their  re¬ 
sults  indicated  that  the  barrier  to  W’ater  dif¬ 
fusion  from  the  inside  to  the  outside  is  the 
horny  layer.  Histologic  control  of  what  lay¬ 
ers  are  being  remov^ed  by  the  blistering 
agent  was  done  in  one  instance,  and  it  was 
found  that  “the  top  of  the  blister  consisted 
of  keratinized  eifithelial  cells.”  No  mention 
was  made  of  histological  controls  in  the 
sandpapering  experiments.  The  authors 
were  aware  of  the  long-established  and  well- 
evidenced  view  that  the  stratum  lucidum 
(60)  (or,  more  generally,  the  transitional 
ayers  [48])  are  chiefly  responsible  for  the  in¬ 
hibition  of  diffusion.  But  because  they  could 
not  demonstrate  the  stratum  lucidum  in 
leir  sections  taken  from  the  epigastrium, 
they  came  to  the  conclusion  that  it  is  the 
stratum  corneum  which  inhibits  diffusion  of 
water-a  conclusion  which  is  hard  to  accept 
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because  of  the  great  avidity  with  which  the 
human  horny  layer  takes  up  water  from 
either  side.  The  stratum  lucidum  can  hardly 
be  visualized  with  routine  stains  on  the  skin 
of  the  ei)igastrium,  with  which  the  authors 
worked.  This  controversial  p)oint  is  familiar 
from  the  discussion  of  what  layer  of  the  skin 
is  the  site  of  high  electrical  resistance  (p. 
12)  and  the  barrier  of  absorption  (p.  29). 
Time  and  again,  the  horny  layer  was 
thought  to  be  responsible  for  all  these  bar¬ 
rier  effects.  One  of  the  most  frequently  used 
arguments  in  favor  of  this  assumption  has 
been  that  these  effects  do  not  change  after 
death  and  that  therefore  a  dead  layer  must  be 
responsible.  Another  argument  has  been 
that  blister  tops,  which  ajjparently  consist  of 
horny  material  only,  have  the  same  effect 
as  total  skin  (p.  16).  It  has  not  been  appre¬ 
ciated  that  nothing  is  known  about  the  sur¬ 
vival  time  of  the  cells  of  the  stratum  granu- 
losum  and  stratum  lucidum,  although  it  is 
possible  that  “life”  would  go  on  longer  than 
24  hours  or  so.  Even  more  likely  than  long 
survival  is  the  possibility  that  the  peculiar 
transitional  cells  of  keratinization,  in  spite  of 
being  dead,  do  not  change  the  physical  prop¬ 
erties  of  their  surface  for  a  long  time.  In  any 
case,  permeability  to  water  increases,  some¬ 
times  quite  suddenly,  about  14  days  alter 
death  (6);  and  such  a  sudden  change  can  be 
better  interpreted  as  being  due  to  the  disor¬ 
ganization  of  previously  organized  struc¬ 
tures  than  as  due  to  that  of  dead  horny 
lamellae.  It  is  hard  to  imagine  what  sudden 
change  the  latter  might  undergo. 

Experiments  with  abrasions  and  blister¬ 
ing  agents  cannot  be  satisfactorily  evaluat¬ 
ed  until  careful  histologic  controls  with  spe¬ 
cial  stains  for  eleidin  and  keratohyalin  ac¬ 
company  the  physiological  experimentation. 
Certainly,  it  would  be  hard  to  understand 
that  the  horny  layer,  which  takes  up  water 
avidly  because  of  its  relative  dryness  and 
j)orosity,  could  be  a  barrier  to  water  diffu¬ 
sion.  Burch  et  at.  themselves  found  that 
water  diffuses  through  palmar  and  plantar 
skin  and  through  toenails  much  more  easily 
than  through  the  total  skin  of  the  epigastri¬ 
um,  and  they  state  that  this  is  “difficult  to 


explain”  (6).  With  the  remark  that  “the  rela¬ 
tive  jiroportion  of  alpha  and  beta  keratin  in 
these  tissues  has  not  been  determined,”  the 
authors  indicate  the  belief  that  there  might 
be  differences  in  the  structure  of  horny  ma¬ 
terial  on  palms,  soles,  and  nails,  on  the  one 
hand,  and  on  other  parts  of  the  body,  on  the 
other.  This,  of  course,  is  possible  and  proba¬ 
bly  true.  But  it  is  known  that  nail  jilates  and 
palmar  and  plantar  horny  layers  are  not 
only  thick  but  also  relatively  tightly  woven 
horny  structures,  and,  if  it  were  true  that 
horny  structures  hinder  the  diffusion  of 
water,  nails,  palms,  and  soles  should  consti¬ 
tute  a  more  formidable  barrier  than  the  thin, 
loose,  and  less  keratinized  horny  layer  of  the 
epigastrium. 

In  a  recent  j^aj^er  Berenson  and  Burch  (5) 
e.xamined  the  influence  of  environmental 
temperature  and  humidity  on  water  penetra¬ 
tion  outward  through  excised  skin.  They 
found  a  direct,  almost  linear,  variation  with 
environmental  temperature.  These  experi¬ 
ments  were  not  done  at  constant  relative 
humidity  but  at  progressively  decreasing 
relative  humidities  as  the  temperature  was 
increased.  The  scattergram  in  Figure  2 
shows  that  the  direct  variation  with  tem- 
j)erature  is  not  striking  between  15°  and 
25°  C.,  which  corresponds  with  similar  find¬ 
ings  of  Richardson  (43).  However,  in  the 
low-temperature  zone  at  which  the  dew 
point  is  aj){)roached,  there  is  a  remarkable 
decline  in  the  rate  of  loss  of  water-vapor.  .4 
rapid  decrease  of  water  loss  was  found  as  the 
relative  humidity  increased  when  the  tem¬ 
perature  was  kept  constant  at  39  C.,  the  de¬ 
pression  becoming  great  at  the  relative 
humidity  of  90  per  cent.  One  may  speculate 
that  at  high  temperatures  with  high  relative 
humidity  the  imbibition  of  water  by  the 
horny  layer  may  be  caused  not  only  by 
sweat  retention  (p.  270)  but  also  by  sup- 
|)ression  of  transejjidermal  water  loss. 

In  the  excised  skin  model  of  Berenson  and 
Burch  the  rate  of  water  loss  from  the  skin  of 
the  chest,  abdomen,  breast,  and  thigh  is 
identical.  There  is  no  difference  in  rate  of 
water  loss,  whether  the  skin  is  normal,  de¬ 
hydrated,  or  edematous  or  whether  it  is  [ug- 
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mented  or  not.  There  are  no  age  differences, 
and  the  water  loss  from  the  skin  of  Negroes 
is  the  same  as  that  in  whites.  The  water  loss 
on  this  model  is  greatly  suppressed  by  the 
spreading  of  a  thin  film  of  water-immiscible 
grease  on  the  surface.  Increasing  air  move¬ 
ment  increases  water  loss  only  moderately 
(see  also  44). 

Berenson  and  Burch  did  not  find  any  in¬ 
fluence  of  keratin-dispersive  agents,  such  as 
alkalies  and  sulfides,  but  an  enormous  in¬ 
crease  of  water  loss  after  treating  the  excised 
skin  with  fat  solvents.  The  interpretation  of 
these  findings  was  that  keratin,  in  withhold¬ 
ing  water,  acts  only  as  a  matrix  in  withhold¬ 
ing  lipids  or  lipoprotein  complexes,  and 
these  latter  compounds  are  probably  the 
chief  barrier  to  water  loss. 

The  great  increase  in  permeability  of  the 
skin  when  treated  with  lipid  solvents  has 
been  known,  of  course,  for  a  long  time  (p. 
49).  In  my  opinion  the  findings  of  Berenson 
and  Burch  can  be  well  accounted  for  by  the 
effect  of  lipid  solvents  on  cell  membranes.  If 
the  membranes  of  the  cells  of  the  stratum 
lucidum  and  stratum  granulosum  are  burst, 
the  relative  impermeability  of  the  skin  to 
water  is  lost.  This  effect  is  tremendously  in¬ 
creased  if  all  the  cell  membranes  in  the  epi¬ 
dermis  are  destroyed,  which  is  the  case  if 


excised  skin  is  soaked  in  fat  solvents  for  1 
hour.  Whatever  the  interpretation,  the  re¬ 
cent  experiments  of  Berenson  and  Burch 
well  illustrate  the  salient  point  that  the 
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Fig.  2. — The  influence  of  increasing  temperature 
and  decreasing  relative  humidity  of  the  atmosphere 
ujion  the  rates  of  water  loss  through  segments  of 
dead  human  skin  obtained  from  various  sites  of  the 
body  (abdomen,  chest,  breast,  and  thigh).  The  con¬ 
ditions  of  the  atmosphere  are  within  the  range  of 
those  which  are  frequently  encountered  by  living 
man.  From  Berenson  and  Burch  (5).  (Reproduced 
by  permission  of  the  Williams  &  W'ilkins  Company.) 

keratin  fibers  of  the  horny  layer  are  not  the 
barrier  to  water  diffusion,  inward  or  out¬ 
ward. 
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1.  GENERAL 


Heat  is  continuously  produced  in  the 
body  by  metabolic  jirocesses,  oxidation 
of  carbohydrates  and  fats  being  the  chief 
source  of  energy.  In  homeothermal  animals 
and  man  the  loss  of  heat  is  continuously  ad¬ 
justed  to  heat  production  in  order  to  mam- 

1.  In  this  chapter  the  author  has  freely  used  the 
material  presented  in  the  monographs  of  Ihauer 

(83)  Sheid  (73),  Du  Bois  (24),  and  Newburgh  (61). 


tain  heat  balance  and  constant  body  tem¬ 
perature.  The  center  of  this  involved  regu¬ 
latory  mechanism  resides  in  the  hyiiothala- 
mus.  The  old  theory  of  Meyer  (56)^has  re¬ 
mained  adequate  in  most  respects  (5).  d  his 
theory  postulated  the  existence  of  two  op¬ 
posing  centers,  one  in  the  anterior  hypothal¬ 
amus,  controlling  heat  dissipation,  and  one 
lying  more  posteriorly,  controlling  heat  con- 
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servation.  Presumably,  the  former  center  is 
stimulated  by  sensations  of  warmth  (p.  100) 
and  has  an  optimal  temperature  for  activity 
which  lies  above  the  normal  hypothalamic 
temperature,  while  the  latter  is  stimulated 
by  sensations  of  cold  and  has  an  optimal 
temperature  below  the  normal  level.  Reac¬ 
tions  of  these  centers  are  reinforced  and 
maintained  also  by  local  reactions  of  cutane¬ 
ous  and  deeper  blood  vessels.  Under  basal 
conditions,  at  absolute  rest  and  in  fasting,  a 
thermal  balance  can  be  maintained  at  which 
heat  production  and  heat  loss  are  equal 
without  further  adjustment.  When  the  envi¬ 
ronmental  temperature  is  between  25°  and 
31°  C.  (77°-88°  F.),  a  clothed  semireclining 
subject  will  easily  maintain  heat  balance  by 
cutaneous  vasomotor  adjustment  (zone  of 
vasomotor  control).  Above  this  range,  at  an 
air  temperature  of  between  31°  and  32°  C. 
(88°-90°  F.),  when  cutaneous  blood  flow  has 
reached  its  maximum,  sweating  sets  in  (zone 
of  evaporative  regulation).  Between  31°  and 
36°  C.  (88°-98°  F.)  and  at  low  humidity, 
evaporative  heat  loss  easily  maintains  nor¬ 
mal  body  temperature.  Below  the  zone  of 
vasomotor  control  the  skin  temperature 
falls  and  body  temperature  is  maintained 
chiefly  by  chills  (zone  of  cooling). 

The  thermostatic  regulation  of  the  hu¬ 
man  body  is  certainly  not  perfect.  When  the 
atmospheric  temperature  increases  sudden¬ 
ly,  there  is  a  lag  in  vasomotor  adjustment 
and  later  a  lag  in  the  onset  of  sweating,  so 


that  a  temporary  hyperthermia  results.  But 
even  under  standardized  atmospheric  condi¬ 
tions  there  is  no  “normal”  body  tempera¬ 
ture,  only  a  normal  range  (46).  At  the  same 
time,  different  temperatures  are  present  in 
different  parts  of  the  body,  and,  in  addition, 
the  skin  and  a  large  mass  of  the  subcutane¬ 
ous  fat  tissue  averages  2°-4°  C.  cooler  than 
the  interior.^ 

The  well-known  diurnal  variations  of 
body  temperature  are  not  well  understood 
but  probably  are  associated  with  the  cycles 
of  sleep  and  wakefulness  and  with  corre¬ 
sponding  variations  in  metabolism.  It  has 
not  been  investigated,  but  it  is  probable  that 
exacerbations  of  itching  in  inflammatory 
skin  diseases  at  certain  hours  of  the  day, 
usually  in  the  late  afternoon,  have  some¬ 
thing  to  do  with  peak  body  temperatures, 
and  associated  increased  skin  temperatures 
with  increased  cutaneous  blood  flow  in  that 
period  of  the  day. 

In  nonbasal  states,  adjustments  are  need¬ 
ed  to  counteract  increased  heat  production. 
Both  exercise  and  food  intake  increase  heat 
production,  exercise  by  directly  increasing 
metabolism  and  food  intake  by  its  specific 
dynamic  action.  Intensified  itching  and  in¬ 
tensified  objective  signs  in  inflammatory 
conditions  of  the  skin  after  food  intake  may 
be  due  to  increased  cutaneous  blood  flow 
and  increased  skin  temperatures,  which  fol¬ 
low  increased  heat  production. 


II.  HE.^T  LOSS  THROUGH  THE  SKIN 


Heat  loss  through  the  skin  surface  takes 
place  by  four  different  physical  mechanisms: 
radiation,  convection,  conduction,  and 
evapioration. 

A.  RADIATION 

Radiation  represents  transfer  of  energy 
from  the  surface  of  the  skin  to  the  environ¬ 
ment  by  electromagnetic  waves,  which 
travel  in  a  straight  line  with  the  speed  of 
light.  It  is  expressed  as  total  radiant  energy 
per  second  per  square  centimeter.  Like  any 
object  that  is  warmer  than  its  surroundings 
the  skin  radiates  heat  to  the  environment  in 


the  form  of  infrared  rays.  The  spectrum  of 
infrared  radiation  of  the  human  skin  extends 
from  about  5  to  20  /i,  with  a  maximum  at 
about  9  M  (36)  (Fig.  1).  The  radiation  from 
human  skin  corresponds  with  the  radiation 
of  a  thermal  “black  body”  at  300°  K.^  In  the 


Lcniperaiure  levels  within  the 
body  see  Bazett  el  al.  (7)  and  Eichna  el  al.  (27). 

^  ~  Kelvin  scale  for  absolute  temperature 

the  absolute  zero  point  is  -273°  C.;  300°  K.  corre- 

aUnl*  ^  ^  thermal  black-body  radiator 

absorbs  all  incident  radiation  and  emits  a  radiation 
which  IS  proportional  to  the  fourth  power  of  its  abso¬ 
lute  temperature. 
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region  of  the  emitted  infrared  rays  there  is  no 
difference  between  the  radiation  from  the 
skin  of  a  white  man  and  that  from  a  very 
dark  man  of  the  Negro  race,  both  are  ap¬ 
proximately  99  per  cent  perfect  black  bodies 


The  amount  of  energy  lost  by  radiation 
from  the  skin  amounts  to  about  60  per  cent 
of  the  total  heat  loss  under  ordinary  atmos¬ 
pheric  conditions.  Its  magnitude  depends 
upon  the  difference  between  the  tempera- 


Pjg.  1. — Spectral  distribution  of  the  thermal  radiation  from  the  sun  (6,000°  K.), a  red-hot  stove  (1,000°K.), 
and  the  human  body  (300°  K.).  Modified  from  Hardy  and  Muschenheim.  From  Newburgh  (61).  (Rei)ro- 
duced  by  permission  of  \V.  B.  Saunders  Company.) 


Pjq  2. — Retlecting  power  of  white  and  Negro  skin, 
and  Hardy  and  Muschenheim.  From  Newburgh  (61) 
pany.) 

in  the  infrared  region  (36)  (Fig.  2).  Only  1 
I)er  cent  of  incident  infrared  radiation  is  re¬ 
flected  from  white  and  from  dark  skin,  and 
the  differences  within  this  1  per  cent  reflec¬ 
tion  are  negligible.  Visible  light  reflection,  of 
course,  is  greater  in  the  white  race. 


A,  white  skin;  B,  Negro  skin.  Modifiecl  from  Buttner 
(Reproduced  by  permission  of  \V.  B.  Saunders  Coni- 


ture  of  the  skin  surface  and  that  of  the  envi¬ 
ronment  and  on  the  size  and  nature  of  the 
radiating  surface.  Whereas  measurements 
have  been  made  on  radiation  of  normal  skin 
in  all  regions  (13),  little  is  known  about  the 
changes  in  radiation  associated  with  skin 
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diseases  in  which  the  surface  relief  is  modi¬ 
fied,  as  is  the  case  in  a  great  variety  of  hy- 
perkeratotic  and  scaling  lesions,  in  licheni- 
fied  areas,  etc. 

B.  CONVECTION 

Convection  results  from  transfer  of  ener¬ 
gy  by  means  of  moving  air.  Under  ordinary 
circumstances,  air  is  cooler  than  the  skin 
surface.  If  there  is  no  air  movement,  the  air 
layer  in  immediate  contact  with  the  skin  is 
warmer  than  the  air  of  the  atmosphere.  This 
air  layer,  the  thickness  of  which  is  not 
known,  is  often  referred  to  as  the  “private 
climate.”  If  there  is  a  draft,  the  warm  air 
near  the  skin  is  continuously  replaced  by 
cooler  air,  and  thus  heat  is  carried  away 
from  the  skin  surface  to  the  environment. 
As  Sheard  (73)  points  out,  a  “semiprivate 
climate”  can  be  created  by  clothing,  al¬ 
though  most  clothes  are  fairly  open  to  air 
currents  and  moisture  (p.  259).  It  is  known 
that  under  ordinary  circumstances  not  only 
the  temperature  but  also  the  humidity  of  the 
“private  climate”  are  higher  than  those  of 
the  atmosphere.  This  is  the  “vapor  mantle” 
(or  Dunsthiillc)  of  Unna  (84). 

Cooling  of  the  skin  by  air  movement  is 
most  pronounced  at  low  atmospheric  tem- 
j)eratures.  At  26  C.  (78?8  F.)  an  air  current 
of  0.5  meter  sec  directed  at  the  face  lowers 
its  skin  temperature  by  2°  C.  (53).  Convec¬ 
tion  causes  cooling  not  only  by  carrying 
v\arm  air  away  but  also  by  increasing  evapo¬ 
ration  of  sweat. 

If  the  air  is  warmer  than  the  skin  surface, 
heat  is  not  lost  but  is  gained  by  convection. 
But  this  gain  might  be  upset  by  heat  loss 
due  to  increased  evaporation.  At  34°  C. 
(93  k.)  atmospheric  temi)erature,  the  high¬ 
er  the  air  velocity,  the  easier  the  body  can 
adjust  Itself  to  high  relative  humidity.  But 
at  a  temperature  of  41°  C.  (106°  F.)  the  situ¬ 
ation  is  reversed :  apjiarently  the  heat  gained 
by  air  velocity  is  too  great  to  be  counter¬ 
balanced  by  increased  evaporation  (73)  Du 
Bois  (23)  found  that  in  the  case  of  a  nude 

22o'7?  r  “'“■•inieler  at 

1^2.  /  C.  (/3  I.)  66  percent  of  the  total  heat 
loss  was  accounted  for  by  radiation,  19  per 


cent  by  evaporation,  and  only  15  per  cent  by 
convection.  Clothing  did  not  change  these 
jiercentages  apjireciably.  However,  when  a 
fan  was  used  in  the  calorimeter  at  29°  C.,  the 
relative  percentage  of  heat  lost  by  radiation 
decreased  to  41  per  cent,  that  lost  by  convec¬ 
tion  increased  to  33  per  cent,  and  evapora¬ 
tion  accounted  for  26  per  cent.  Decrease  of 
radiation  in  this  case  was  due  to  lowering  of 
the  skin  surface  temperature  by  convection- 
al  heat  loss. 

The  role  of  chronic  exposure  to  wind  in 
the  development  of  pathologic  cutaneous 
manifestations  has  often  been  suspected,  as 
the  expression  “weatherbeaten  skin”  indi-. 
cates;  but  this  effect  has  never  been  experi¬ 
mentally  investigated.  In  the  development 
of  “sailor’s  skin”  or  “farmer’s  skin,”  wind, 
in  addition  to  the  exposure  to  ultraviolet 
rays,  may  or  may  not  play  a  role.  Cooling  by 
wind  is  associated  with  vasoconstriction  of 
the  minute  vessels  of  the  skin;  and  it  may 
well  be  that  the  ejiidermal  and  connective- 
tissue  changes  in  “weatherbeaten  skin”  are 
enhanced  by  nutritional  disturbances  caused 
by  unduly  frequent  and  long-lasting  vaso¬ 
constriction  if  at  the  same  time  the  skin  is 
exposed  to  ultraviolet  radiation. 

C.  CONDUCTION 

Conduction  is  transfer  of  heat  from  one 
medium  to  another  when  the  two  media  are 
in  direct  contact  with  each  other.  As  con¬ 
trasted  with  convection,  no  movement  of 
either  medium  is  involved  in  conduction.  In 
Iihysiological  experimentation  heat  loss  by 
conduction  jilays  a  relatively  minor  role 
(24),  because  conventional  clothing  does  not 
essentially  change  physical  heat  loss  (ji. 
259).  krom  the  skin-hygiene  point  of  view, 
conduction  of  heat  from  skin  to  heat-insulat¬ 
ing  material,  such  as  rubber  sheets,  is  of 
great  significance.  The  insulating  material  is 
rapidly  warmed  uj)  to  skin  temperature  by 
conduction  and  hinders  further  heat  loss  by 
radiation,  convection,  and  evaporation.  This 
IS  often  the  situation  in  hospital  beds 
equipped  with  rubber  sheets  under  or  above 
he  bed  sheet.  Similar  but  less  conspicuous 
heat  stasis  may  occur  even  without  rubber 
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sheets  when  the  bedding  material  does  not 
conduct  heat  well. 

D.  EVAPORATION 

Evaporation  of  water  from  the  skin  sur¬ 
face  causes  heat  loss  because  transformation 
of  water  into  vapor  requires  heat  that  is 
taken  away  from  the  skin  surface.  At  an  en¬ 
vironmental  temperature  of  about  31°  C. 
there  is  a  general  sweat  outbreak.  This 
“critical  atmospheric  temperature”  is  some¬ 
what  different  in  different  individuals;  in  the 
same  individual  it  drops  several  degrees  in 
the  process  of  acclimatization  to  heat  (51) 
(p.  265).  The  critical  skin  temperature  at 
which  sweating  is  initiated  in  the  resting 
subject  is  given  as  being  between  31°  C.  (73) 
and  34?5  C.  (86,  6). 

It  has  been  known  that  sweating  elicited 
by  exercise  starts  at  a  lower  skin  tempera¬ 
ture  than  sweating  produced  by  external 
heat.  Bazett  (6)  dealt  with  this  i)henomenon 
in  great  detail.  He  found  that  the  first  line  of 
defense  against  atmospheric  heat  is  vascular 
readjustment,  while  thermoregulation  is 


maintained  during  exercise  primarily  by 
sweating.  He  developed  the  theory  that,  in 
addition  to  the  superficial  thermal  receptors 
lying  adjacent  to  the  superficial  vascular 
plexuses  (Rutfini  and  Krause  endings,  p. 
123),  there  are  deep-seated  heat  receptors  at 
the  dermal-subdermal  junction.  These  re¬ 
ceptors,  he  postulated,  are  situated  adjacent 
to  the  deep  vascular  plexus.  The  suj)erficial 
receptors  and  their  adjacent  vessels  are  af¬ 
fected  mainly  by  external  heat,  and  the  deep¬ 
er  ones  by  internal  heat  from  working 
muscles.  Superficial  heat  receptors  are  con¬ 
cerned  with  vasomotor  adjustments,  and  the 
deep  ones  with  sweating.  The  latter  are  more 
readily  stimulated  by  internally  produced 
heat.  The  adequate  stimuli  for  both  types  of 
heat  receptors  are  thermal  gradients  (p. 
146),  and  the  relation  of  sweating  to  skin 
temperature  depends  on  these  gradients  and 
their  topography. 

In  exercise  there  is  a  stricter  control  of 
body  temperature  than  in  a  hot  atmosphere, 
but  in  exercise  the  homeostasis  of  the  body 
temperature  is  at  a  higher  level  (6). 


III.  ROLE  OF  HUMIDITY  AND  THE  RELATIVE 
HUMIDITY  OF  THE  SKIN 


Sweating  is  useful  for  thermoregulation 
only  as  long  as  the  sweat  can  evaporate.  In  a 
dry,  hot  environment,  evaporative  cooling  is 
a  most  efficient  regulatory  mechanism,  par¬ 
ticularly  in  acclimatized  persons  whose 
sweat-production  capacity  is  greatly  in¬ 
creased.  Increase  in  evaporative  cooling  in 
these  individuals  accounts  for  75-90  per  cent 
of  the  reduction  in  body  heat,  whereas  a  de¬ 
crease  in  metabolic  heat  production  (  chem¬ 
ical  heat  regulation”)  accounts  for  only  5-20 
per  cent  (28).  However,  in  humid  heat, 
sweating  is  grossly  inefficient  because  up  to 
two-thirds  of  the  sweat  may  run  off  the  skin 
surface  without  being  evaporated.  Water 
and  salt  are  wasted  without  any  benefit. 
Profuse  sweat  secretion  continues,  and 
severe  dehydration  and  salt  deprivation  may 
set  in,  whether  the  sweat  can  evaporate  or 

not  (26)."  ,  •  1  c 

The  evaporative  cooling  mechanism  has 


two  more  dissimilar  features  (28):  First,  it 
lowers  the  skin  temperature  and  thereby  in¬ 
creases  heat  gains  b}^  convection  and  radia¬ 
tion  from  the  outside;  twice  as  much  sweat 
is  required  to  counteract  this  effect  as  would 
be  necessary  if  the  skin  temperature  had  not 
fallen.  Second,  a  fall  in  skin  temperature 
widens  the  internal  thermal  gradient  (p. 
251),  and  therefore  a  smaller  volume  of 
peripheral  blood  flow  is  used  for  transferring 
deej)  heat  to  the  periphery;  the  blood  flow  is 
30  per  cent  less  than  it  would  have  been 
without  a  drop  in  skin  temperature  (28).  The 

4.  Only  at  an  extremely  high  rate  of  sweating 
(1,400  gm/hr  or  more)  in  severe  heat  and  under 
strenuous  exercise  is  there  a  decline  in  sweat  secre¬ 
tion  after  the  second  hour.  This  decline  is  greater  in 
humid  than  in  dry  heat.  Administration  of  water  or 
salt  and  keeping  the  skin  temperature  constant  do 
not  prevent  this  decline.  Therefore,  it  must  be  in¬ 
terpreted  as  a  fatigue  of  the  sweating  mechanism  in 
some  way  (p-  213)  (34,  66). 
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evaporative  heat  loss  at  low  environmental 
temperatures  is  insignificant  percentage¬ 
wise.  At  air  tem{)eratures  up  to  24°  C.  (75° 
F.)  it  makes  little  difference  for  a  resting  per¬ 
son  whether  the  atmosphere  is  humid  or  dry 
(25).  Du  Bois  and  Hardy  give  the  following 
e.xplanation  for  this  phenomenon: 

.Assuming  constant  air  motion,  the  rate  of 
water  evaporation  depends  upon  the  differ¬ 
ence  in  vapor  pressure  of  water  on  the  skin 
and  in  the  air.  The  vapor  pressure  on  the 
skin  is  determined  by,  and  can  be  calculated 
from,  the  skin  temperature.  The  vapor  pres¬ 
sure  of  the  atmos})heric  water  is  determined 
by  the  air  temperature  and  relative  humidi¬ 
ty.  Thus  the  evaporating  tendency  of  water 
on  the  skin  can  be  computed  for  any  humidi¬ 
ty.  For  low  atmospheric  temperatures  it  is 
found  that,  in  spite  of  high  relative  humidi¬ 
ty,  full  evaporative  loss  can  take  place.  For 
instance,  at  21°  C.  (70°  F.)  room  tempera¬ 
ture  and  80  per  cent  relative  humidity,  the 
air  vapor  pressure  is  only  0.58  inches  Hg, 
whereas  on  the  skin,  with  a  skin  surface  tem¬ 
perature  of  33°C.  (91°  F.),  the  pressure  is 
1.47  inches  Hg.  This  gradient  permits  full 
evaporative  loss.  Of  course,  the  rate  of  evap¬ 
oration  is  somewhat  slower  at  high  humidity 
even  at  low  atmospheric  temperatures,  but 
the  difference  is  slight.  At  0°  C.  (32°  F.)  a 
change  from  50  to  100  per  cent  humidity  af¬ 
fects  the  evaporative  rate  by  only  6  per  cent, 
and  at  14?5  C.  (60°  F.)  by  20  per  cent.  At 
35  C.  (95  F.),  however,  such  a  change  in 
humidity  will  cause  complete  cessation  of 
sweat  evaporation. 

For  a  resting  person,  air  humidity  begins 
to  be  of  importance  between  30°  and  3 1  ?4  C. 
(86°  and  88°  F.)  air  temperature,  at  which 
point  the  difference  between  50  and  100  per 
cent  relative  humidity  decides  whether  the 
person  will  be  comfortable  or  will  develoi) 
hyperthermia.  For  a  moderately  active  j)er- 
son,  one  who  is  walking  slowly,  for  instance, 
the  importance  of  humidity  rises  rapidly 
from  2.->  C.(.8“F.)o„andmaycause  serU 
ous  trouble  at  about  32°  C.  (90°  F.).  With  in¬ 
creasing  activity,  humidity  becomes  an  im¬ 
portant  factor  in  an  increasingly  lower  tem- 
Iierature  range.  If  a  fierson  runs  fast  at  22° 


C.  (72°  F.)  and  100  per  cent  relative  humidi¬ 
ty,  he  may  suffer  a  heat  stroke. 

The  reduction  in  evaporation  of  sweat  at 
high  humidity  is  of  great  importance  not 
only  for  thermoregulation  but  also  for  the 
health  of  the  skin.  In  humid  heat  the  non¬ 
evaporating  sweat  on  the  skin  causes  occlu¬ 
sion  of  sweat  pores,  with  all  the  conse¬ 
quences  of  the  sweat-retention  syndrome 
(pp.  270  ff.).  Furthermore,  at  equally  high 
air  temperatures,  the  arterial  blood  flow  to 


Fig.  3.— Curves  showing  average  skin  tempera¬ 
ture  as  a  function  of  relative  humidity  after  2|  hours 
in  ^environmental  temperatures  of  30°,  35°,  and 
40°  C.  From  Neuroth  (60).  (Reproduced  by  per¬ 
mission  of  Springer-Verlag.) 

the  skin  and  the  skin  surface  temperature 
are  much  higher  in  a  humid  than  in  a  dry 
atmosphere,  because  the  cooling  effect  of 
sweat  evaporation  is  lacking  at  high  humidi¬ 
ties.  This  is  shown  in  Figure  3  taken  from 
Neuroth’s  (60)  experiments.  The  adverse 
effect  of  prolonged  arterial  hyperemia  of  the 
skin  in  the  case  of  inflammatory  skin  dis¬ 
eases  is  obvious. 

Wdnslow,  Herrington,  and  Gagge  (86) 
have  dealt  with  a  special  phase  of  evapora- 
ive  heat  loss  which  is  particularly  impor¬ 
tant  for  the  physiology  of  the  skin.  Whereas 
at  low  air  temperatures  the  relative  insig¬ 
nificance  of  air  humidity  can  be  explained 
physically  (see  above),  at  somewhat  higher 
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temperatures,  but  still  below  the  critical 
temperature  of  visible  sweat  secretion,  such 
an  explanation  is  unsatisfactory.  At  30°  C. 
(86°  F.)  the  evaporative  heat  loss  is  still  at 
an  almost  minimum  level  of  15-25  kg-cal/hr, 
corresponding  with  the  water  evaporation 
from  nonsweating  normal  skin.  At  this  tem¬ 
perature,  conditions  can  be  created  at  which 
vapor  pressure  in  the  air  becomes  equal  with 
the  vapor  pressure  of  water  on  the  skin;  at 
this  point  evaporation  should  come  to  a 
standstill.  However,  evaporative  heat  loss 
does  not  decrease  with  increasing  humidity, 
and  body  temperature  remains  constant. 
Some  compensatory  physiological  mecha¬ 
nism  has  to  be  assumed  to  account  for  the 
constant  rate  of  evaporation  in  spite  of  the 
decreasing  “physical”  rate.  Winslow  et  at. 
(86)  assumed  that  the  compensation  is 
achieved  by  an  increasing  wetted  ness  of  the 
skin,  i.e.,  by  an  increase  in  the  percentage  of 
the  skin  surface  which  is  wetted.^  It  was  con¬ 
cluded  that  the  degree  of  wettedness  changes 
so  as  to  maintain  the  same  evaporative  heat 
loss  at  all  humidities.  Accordingly,  from  24° 
to  30°  C.  the  wettedness  percentage  in¬ 
creases  at  high  humidity  but  not  at  low 
humidity. 

Mole  (57),  reviewing  this  work,  found 
that  the  wettedness  as  defined  by  Oagge 
does  not  vary  consistently  with  the  humidi¬ 
ty  of  the  air.  Therefore,  he  substituted  the 
concept  of  relative  humidity  of  the  skin  {rhs), 
which  is  defined  as  the  ratio  of  vapor  pres¬ 
sure  on  the  skin  surface  {v.p.a)  to  vaj)or 
j)ressure  of  air  when  saturated  at  skin  tem¬ 
perature  (c[r«]),  or,  with  mathematical 

symbols. 


This  rhs  may  be  taken  as  a  measure  of 
the  water  content  of  the  surface  layer  of 
the  skin,  expressed  as  a  percentage  of  the 
maximum  when  the  skin  surface  is  covere 
by  a  continuous  film  of  w^ater.  It  is  thus 

5.  The  concept  and  mathematical  formulation  of 
“wettedness”  was  develoi)ed  by  Gagge  (31). 


analogous  to  the  concept  of  relative  humidi¬ 
ty  of  the  air.  It  measures  the  partial  pressure 
of  water  vapor  at  the  skin  surface  as  a  frac¬ 
tion  of  the  maximum  saturation  value.  Of 
course,  the  skin  surface  is  not  so  homogene¬ 
ous  as  air,  and  therefore  rhg  can  be  only  an 
average  figure.  Also,  rh^  is  different  on  differ¬ 
ent  parts  of  the  body. 

Mole  (57)  finds  that  rhg  varies  as  it  should 
if  transepidermal  water  loss  is  a  simple  dif¬ 
fusion  process  wdiich  depends  on  the  removal 
of  w^ater  vapor  by  the  environment.  At  con¬ 
stant  air  temperature  and  convection,  an  in¬ 
crease  in  air  humidity  will  temporarily  de¬ 
crease  the  loss  of  water  from  the  skin  surface. 
But  the  continuing  upw'ard  diffusion  of 
water  within  the  skin  will  raise  the  skin 
humidity  and  hence  the  evaporative  loss  of 
water  to  the  point  where  this  once  more 
equals  the  rate  of  water  transport  by  diffu¬ 
sion  through  the  skin.  This  regulation  is 
facilitated  by  temperature  changes  in  the 
skin.  When,  because  of  high  air  humidity, 
evaporation  is  decreased,  the  skin  tempera¬ 
ture  rises,  the  thermal  gradient  between  skin 
surface  and  air  increases,  and  evajioration  is 
thereby  facilitated. 

Increased  metabolism  with  increased  heat 
production  puts  into  operation  regulating 
mechanisms  similar  to  those  caused  by  tem¬ 
perature  changes  in  the  surrounding  air.  The 
warm  and  moist  skin  in  hyperthyroidism  and 
the  dry  and  cool  skin  in  myxedema  are  pri¬ 
marily  the  results  of  modified  thermoregu¬ 
lating  vasomotor  and  secretory  reactions 
due  to  changes  in  metabolic  heat  produc¬ 
tion.  However,  it  seems  that  in  hyperthy¬ 
roidism  there  is,  in  addition  to  increased 
metabolism,  a  primary  augmented  respon¬ 
siveness  of  sweat  glands  (p.  165). 

In  peripheral  vascular  diseases,  when 
vastomotor  heat  regulation  is  disturbed  be¬ 
cause  of  deficient  vasodilator  capacity  ot 
vessels  on  the  distal  jiartsof  the  extremities, 
cold  and  moist  hands  and  feet^  are  rather 
characteristic  features.  Sheard  (73)  assumec 
that  sweat  secretion  in  these  conditions  oc¬ 
curs  in  order  to  compensate  for  the  mabili  > 
to  dissipate  heat  by  vasodilatation. 
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IV.  NONTHERMOREGULATORY  EVAPORATIVE  HEAT  LOSS 


From  the  dermatological  point  of  view  it 
should  be  emphasized  that  visible  sweat 
secretion  and  heat  loss  by  sweat  evaporation 
often  occur  also  in  the  comfortable  zone  of 
“vasomotor  control”  and  even  in  the  “zone 
of  cooling,”  quite  indei^endent  of  thermo¬ 
regulatory  needs.  Sweating  can  be  elicited 


with  great  ease  at  air  temperatures  below 
31°  C. — for  instance,  by  administration  of 
hot  drinks  (j^robably  an  exami)le  of  viscero¬ 
cutaneous  reflex)  and,  of  course,  by  a  great 
variety  of  nonthermoregulatory  nervous  im¬ 
pulses,  the  most  important  phenomenon 
being  emotional  sweating. 


V.  THERMAL  GRADIENTS  (8) 


Under  normal  circumstances  the  internal 
temperature  is  higher  than  that  of  the  envi¬ 
ronment,  and  there  is  a  thermal  gradient 
from  the  inside  of  the  body  to  the  surround¬ 
ing  air.  The  gradient  has  two  parts  (15): 

(1)  from  the  interior  to  the  skin  surface 
(internal  or  physiological  gradient)  and 

(2)  from  there  (through  clothing)  to  the  sur¬ 
rounding  air  (external  or  physical  gradient). 

Under  comfortable  atmospheric  condi¬ 
tions  the  average  skin  surface  temperature 
is  about  5°  C.  lower  than  that  of  the  inside 
of  the  body.  Heat  flows  steadily  from  the  in¬ 
side  peripherally  by  means  of  heat  conduc¬ 
tion,  the  flow  depending  on  the  specific  ther¬ 
mal  conductivity  of  the  tissues.  This  con¬ 
ductivity  is  great  in  all  internal  organs,  and 
the  temperature  at  2.5  cm.  below  the  surface 
is  still  about  the  same  as  anywhere  in  the  in¬ 
terior  of  the  body,  because  heat  flows  freely 
in  all  directions  from  the  sites  of  heat  pro¬ 
duction.  The  site  of  the  actual  physical 
gradient  of  3  C.  or  more  in  a  cool  environ¬ 
ment  is  the  subcutaneous  fat  tissue  and  the 
skm  (8)  (hig.  The  average  gradient  in 
this  zone  is  2°  C,  cm,  which  corresponds  with 
a  much  lower  conductivity  than  that  of 
water  or  glass,  for  instance.  It  is  even  poorer 
than  that  of  rubber.  In  other  words,  physi¬ 
cally  the  subdermis  and  the  skin  are  efficient 
insulators  which  hinder  the  equalization  of 
inside  and  outside  temperatures. 

rhe  fall  of  temperature  within  subdermis 
and  skin  is  not  continuous.  Discontinuity  re- 
different  thermal  conductance 
of  the  different  layers.  The  poorest  conduc¬ 
tors  are  the  horny  layer  and  the  suljcutane- 


ous  fat  tissue.  Loth  layers  may  maintain 
considerable  difference  in  temperature  be¬ 
tween  their  upper  and  lower  limits.  Over  cal¬ 
luses  the  skin  surface  temjierature  is  low. 


Fig.  4.  Thermal  gradients  in  the  forearm  in  two 
subjects  on  two  occasions;  ordinates  indicate  tem¬ 
perature  in  °  C.,  and  abscissae  the  depth  in  the  skin 
of  the  measuring  thermocouple  in  millimeters.  The 
two  upper  curves  rei)resent  subjects  B  and  L  on  a 
hot  summer  day  (dr3’-bulb  temperature  29°  1  C  • 
effective  temperature,  23?9  C.).  The  two 'lower 
curves  rei)resent  similar  gradients  determined  on  a 
cool  autumn  day  (dry-bulb  temperature  19°  C  • 
effective  temjierature,  17?6  C.).  Rectal  aiul  urine 
temperatures  are  indicated  in  the  upper  right  corner 
of  the  graph.  Arrows  indicate  the  observed  depth  of 
the  fascia.  From  Lazett  and  McGlone  (8).  (Reoro- 

trZl  American  rin-siolo^cal 

society  and  Mrs.  Hazett.)  '  ^ 

because  the  hyperkeratotic  horny  layer  hin- 
c  ers  the  outward  flow  of  the  internal  heat 
Similarly,  a  thick  subcutaneous  fat  layer 
hinders  dissqiation  of  heat.  The  conductance 
of  obese  persons’  subdermis  plus  skin  is 
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about  one-third  lower  than  that  of  slender 
persons — hence  the  relative  coolness  of  the 
buttocks  and  higher  average  skin  surface 
temperatures  in  slender,  than  in  obese, 
persons.  The  thermal  conductance  of  the 
skin  may  also  vary  according  to  variations 
in  water  and  blood  content.  Water  conducts 
heat  twenty  times  better  than  the  dry  horny 
layer  does,  and  therefore  imbibition  of  water 
by  the  horny  layer  increases  heat  conduct¬ 
ance  considerably.  A  physiological  regula¬ 
tion  mechanism  may  be  seen  in  the  fact  that 
sweat  moistens  the  horny  layer,  thus  enhanc¬ 
ing  the  cooling  effect  of  evaporation  by  in¬ 
creased  heat  conductivity. 

The  perception  of  warmth  and  cold  de¬ 
pends  on  the  heat  conductance  of  the  skin. 
Thermal  sensory  thresholds  are  lowered 
when  the  horny  layer  is  moist,  because  the 
thermal  stimulus  penetrates  more  easily 
from  the  outside  to  the  deep-seated  receptor 
organs  through  moist  than  through  dry 
horny  layer.  Indirectly,  all  other  sensory 
perceptions  may  also  be  influenced  by  mois¬ 
ture  of  the  horny  layer.  When  the  outside 
temperature  is  high  and  heat  penetrates  with 
ease  through  a  moist  horny  layer,  reactive 
hyperemia  develops  more  readily,  and  hy¬ 
peremia,  in  turn,  possibly  causes  lowering  of 
all  thresholds  of  sensory  perceptions.  Hy- 
peremic  skin  conducts  heat  better  than 
anemic  skin.  Still,  even  with  maximal  blood 
flow,  the  skin  remains  an  effective  insulator. 

Hardy  and  Soderstrom  (37)  differentiate 
two  forms  of  internal  heat  conductivity,  one 
being  physical,  the  other  physiological.  Be¬ 
tween  23°  and  28°  C.  the  conductivity  is 
purely  physical,  i.e.,  it  is  determined  by  the 
physical  (structural)  properties  of  the  tissues 
without  interference  of  physiological  reac¬ 
tions.  Above  28°  C.,  with  the  onset  of  active 
vasodilatation,  the  peripheral  blood  flow  in¬ 
creases  almost  proportionately  to  die  envi¬ 
ronmental  temperature,  until  at  35  C.  skin 
surface  temperature  it  reachp  0.23  1/ min,  or 
10  per  cent  of  the  basal  cardiac  output,  nis 
physiological  reaction  increases  heat  con¬ 
ductance  considerably. 

In  their  investigations  of  thermal  injury 
Henriques  and  Moritz  (38,  58)  measured 


separately  the  heat  conductivity  of  heat- 
sejiarated  epidermis,  corium,  subcutaneous 
fat,  and  subcutaneous  muscle  of  pigs.  Ex¬ 
pressing  thermal  conductivity,  K,  as 

calories  X  cm. 
cm.2X  min.  X°C.  ’ 

they  obtained  the  following  average  values: 
epidermis,  0.03 ;  dermis,  0.053 ;  subcutaneous 
fat,  0.023;  and  muscle,  0.066. 

Even  if  the  skin  surface  is  suddenly 
brought  to  and  maintained  at  temperatures 
from  45°  to  100°  C.  by  contact  heat,  it  takes 
a  measurable  time  (0.5-1  minute)  to  warm 
the  epidermis  through  to  the  basal  layer,  be¬ 
cause  of  its  relatively  poor  conductivity. 
After  about  1  minute  the  epidermis  is  heat- 
saturated,  i.e.,  from  then  on,  the  amount  of 
heat  entering  and  leaving  the  epidermis  will 
be  balanced.  In  this  steady  state  Henriques 
and  Moritz  computed  the  temperature  of 
the  epidermal-dermal  interface  at  different 
surface  temperatures,  as  shown  in  the  ac¬ 
companying  tabulation. 


Surface . 

Tntprfare  . 

45°  C. 
44?8  C. 

55°  C. 
54?5  C. 

65°  C. 
64?2  C. 

If  heating  is  achieved  not  by  immediate¬ 
ly  raising  the  surface  temj^erature  but  by 
surrounding  the  entire  animal  with  an  en¬ 
velope  of  ambient  air  and  radiant  heat  be¬ 
tween  80°  and  175°  C.,  the  warming  of  the 
epidermis  is  extremely  slow.  Under  these 
conditions,  even  after  a  heat  exposure  of  15 
minutes,  the  interface  temperature  is  far 
lower  than  the  temperature  of  the  heat 
source,  and  the  animal  succumbs  to  hyper¬ 
thermia  long  before  the  temperature  of  the 
epidermis  approaches  that  of  the  air. 

A  heat  source  which  raises  the  surface 
temperature  suddenly  to  that  of  the  heat 
source  itself  has,  on  a  time  basis,  at  least  a 
thousand  times  greater  jiropensity  to  injure 
the  epidermis  than  has  a  heat  source  which 
raises  the  skin  temperature  by  means  ot 
radiation  and  conducUon  and  convection  ot 
relatively  immobile  air. 
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\  I.  RELATION  OF  INTERNAL  AND  EXTERNAL  GRADIENTS 


Burton  (16)  introduced  the  term  “ther¬ 
mal  circulation  index”  for  the  ratio  of  exter¬ 
nal  to  internal  gradient  (p.  251).  The  body 
temperature  being  constant,  this  ratio  is  de¬ 
termined  by  the  skin  surface  temperature 
and  the  external  gradient.  Both  these  values 
depend  primarily  on  the  degree  of  peripheral 
blood  flow.  Hence  the  term  “thermal  circu¬ 
lation  index.”  In  addition,  the  index  de¬ 
pends  on  the  thickness  of  the  different  layers 
of  skin  and  subdermis.  Therefore,  the  index 
is  different  in  different  areas,  even  after  air 
temperature,  humidity,  ventilation,  and 
clothing  have  been  standardized  (Table  1). 
The  table  shows  that  skin  temperatures  as 
well  as  indices  are  higher  on  trunk  and  fore¬ 
head  than  on  extremities.  It  is  also  seen  that 
temperature  and  index  decrease  on  the  lower 
extremity  in  the  distal  direction.® 

Elevation  of  the  index  means  increase  in 
heat  conductivity  either  by  increased  blood 
flow  or  by  another  type  of  hydration  of  the 
skin.  Physiologically,  the  variability  of  the 
inde.x  is  of  the  order  of  only  20  per  cent  for 
the  trunk  and  30  per  cent  for  the  leg  in  a 
wide  range  of  environmental  temperature. 
However,  in  erythematous  skin  the  index 
may  be  increased  four-  to  fivefold.  Because 
of  increased  blood  flow,  the  skin  surface 
temperature  is  substantially  elevated  and 
has  been  brought  closer  to  body  tempera¬ 
ture;  thus  the  ratio  of  the  external  to  the  in¬ 
ternal  padient  has  also  greatly  increased. 
On  urticarial  wheals  the  index  is  increased 
twofold  because  of  hydration  and  subse¬ 
quent  increased  conductivity. 

A  great  increase  in  the  index  was  found  in 
general  anesthesia  (15),  in  which  there  is 
maximal  blood  flow  to  the  skin  (45)  which 


cannot  be  further  increased  by  sympathec¬ 
tomy  (74).  In  spite  of  the  maximal  blood 
flow,  the  skin  color  remains  normal,  because 
the  blood  passes  through  the  superficial  cap¬ 
illaries  rapidly  without  dilating  them  or 
flows  in  large  amounts  through  preferential 

TABLE  1 

Skin  Temperatures  and  Thermal  Circula¬ 
tion  Indices  on  Subject  after  Lying 
Nude  for  20  Minutes  at  Room  Tempera¬ 
ture  OF  22?8  C. 

(Rectal  Tempeiature  37?25  C.)  (15) 


Body  Region 

Skin 
Temp, 
r  C.) 

Drop 
from 
Skin 
to  Air 
(“C.l 

Drop 
from 
Interi¬ 
or  to 

Skin 
(“  C.) 

Circu¬ 

lation 

Index 

Forehead . 

33.40 

10.60 

3.85 

2.75 

Clavicle . 

33 . 60 

10.80 

3.65 

2.96 

Over  breast . 

32 . 75 

9.95 

4.50 

2.21 

1  in.  over  umbilicus 

34.20 

11.40 

3.05 

3.75 

Over  apex  of  heart. 

33.30 

10.50 

3.95 

2.67 

Lumbar  region .... 

33.30 

10.50 

3.95 

2.67 

.A.rm,  biceps . 

32.85 

10.05 

4.40 

2.28 

Palm  of  hand . 

32.85 

10.05 

4.40 

2.28 

Kneecap . 

32.35 

9.55 

4.90 

1.95 

Calf  of  leg . 

32.20 

9.40 

5.05 

1.86 

Sole  of  foot . 

30.20 

7.40 

7.05 

1 . 05 

Big  toe . 

30.95 

8.15 

6.30 

1.29 

channels  only  (p.  63).  In  general  anesthesia 
the  index  on  the  toes  may  increase  by  a  fac¬ 
tor  of  12  (15). 

Hensel  (40)  found  at  room  temperatures 
of  20°-22°  C.  a  gradient  of  0?2-0?5  C.  jier 
millimeter  in  the  most  superficial  layers  of 
the  skin.  By  suddenly  raising  or  lowering 
surface  temperature,  he  determined  a  heat- 
conduction  ratio  for  different  layers. 


\TI. 


VASOMOTOR  CHANGES  SERVING  THERMOREGULATION 
•  -• _  1 


If  heat  production  is  increased  or  the  at¬ 
mospheric  temperature  is  raised  in  the  zone 
of  vasomotor  control,  there  is  a  shift  of 
blood  flovy  from  the  interior  to  the  tegument 
Conversely,  if  metabolism  is  lowered  or  the 
atmospheric  temperature  is  decreased,  pe- 


rqiheral  vasoconstriction  ensues,  and  blood 
IS  shifted  from  superficial  to  deeper  tissues. 
1  his  is  achieved  by  changes  of  the  vascular 

6.  Decrease  of  skin  temperature  from  hip  to  toe 
y^as  previously  reported  also  by  Foged  (30)  and  hv 
Craig,  Horton,  and  Sheard  (2iy  ^  ^  ^ 
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tone  by  reflex  mechanisms  (p.  87).  Al¬ 
though  both  the  vasodilator  and  the  vaso¬ 
constrictor  reflexes  affect  the  peripheral  ves¬ 
sels  all  over  the  body  surface,  the  distal 
parts  of  the  extremities  play  the  most  out¬ 
standing  role  in  this  regulation. 

In  the  zone  of  cooling,  below  25°  C.  (77° 
F.)  air  temperature,  the  temperature  of  the 
skin  of  toes  and  fingers  is  lower  than  any¬ 
where  else  on  the  body  surface.  At  25°-26° 
C.  room  temperature,  the  skin  temperature 
of  fingers  approaches  that  of  the  forehead 
and  thorax,  e.g.,  32°-v55°  C.  (89?5-95°  F.), 
whereas  the  toes  still  remain  colder  by  7°- 


It  does  not  make  any  difference  whether 
increased  heat  loss  from  the  skin  is  required 
on  account  of  high  atmospheric  temi)era- 
tures  or  on  account  of  greater  heat  produc¬ 
tion.  If  the  metabolism  is  increased  by  the 
specific  dynamic  action  of  food,  the  same 
play  of  vasomotor  regulations  can  he 
observed  (Fig.  7). 

In  spite  of  the  spectacular  role  of  the 
“acrae”  in  these  regulations,  it  is  obvious; 
that  the  vasomotor  reactions  also  occur  ini 
other  parts.  Sheard  (73)  clearly  showed  that 
vasodilatation  and  consecutive  temperature 
increase  take  place  also  on  nonacral  j)arts,, 


no.  5.--Curves  of  .he  skin  temperatures  of  the  forehead,  finger, 

WUltmt  fnTHortr  (yTrfRepmdS  permission  of  Reinholcl  Publishing  Corporation.) 


10°  C.  In  this  zone  the  distal  parts  of  the 
lower  extremities  act  to  conserve  the  heat  of 
the  body;  finer  regulations  are  controlled  by 
fingers  and  hands.  Above  26°  C.  (79  k.) 
room  temperature,  the  blood  vessels  of  the 
toes  also  dilate;  and  at  29  -32  C.  (8 
89?5  F.)  room  temperature,  the  skin  tem¬ 
perature  of  the  toes  closely  approximates  the 
skin  temperature  on  forehead,  thorax,  legs, 
and  arms.  All  this  is  excellently  illustrated  in 
Figures  5  and  6,  taken  from  experiments  by 
Sheard  el  al.  (75).  _ 

According  to  resi>onsiveness  to  cooling, 
Neuroth  (60)  distinguishes  three  types  of  re¬ 
gions:  (1)  skin  temperatures  of  forehead, 
chest,  and  epigastrium  change  least, 
(2)  arms  and  legs  take  an  intermediate  ik>s  - 
tion ;  and  &  hands  and  feet  are  cooled  mos  . 


such  as  thighs  and  forehead.  The  tempera¬ 
ture  increase  amounts  to  2°-4°  C.  when  the 
room  temjierature  is  raised  from  20 
Q  ('5go_930  F.).  This  increase  of  2  -4  C. 
may  make  quite  a  difference  in  diseased  skin 
by  aggravating  inflammatory  conditions  and 

increasing  sensory  perceptions. 

Horton,  Sheard,  and  Roth  (44)  studiec 
the  vasomotor  reactions  to  alcohol  intake. 
Here  vasodilatation  occurs  first  m  the  face 
rather  promptly,  then  in  the  upper  extremi¬ 
ties,  and  only  late,  if  at  all,  in  the  lower  ex¬ 
tremities  (Fig.  8).  Generalized  vasodila  a- 
tion  without  visible  hyperemia  is  wel  knoun 
to  occur  after  alcohol  intake.  In  drunken  per¬ 
sons  vasomotor  adjustments  are  paralyzed, 
and  therefore  they  succumb  easily  ''’hen  e 
posed  to  severely  cold  temperatures.  I 


Fig.  6.  Curves  showing  the  relative  roles  of  the  upjier  and  lower  extremities  in  the  dissipation  of  heat,  as 
indicated  hy  skin  temperatures  of  fingers  and  toes  of  two  normal  subjects  (.1  and  B)  in  environmental 
temperatures  from  18  to  85  C.  From  Sheard,  Williams,  and  Horton  (75).  (Reproduced  b}’  permission  of 
Reinhold  Publishing  Corjioration.) 


a  normal  subject  licforc  and  alter  tlielngesUoToVfoorctr^^^^  “l'P«  leg.  fingers,  and  toes  of 

atn,;,:;rri)\m,:e;::tu;:i7s^^^^^ 

«.l..an.s,  and  Horton  HS,.  , Reproduced  Perntission^orLTnbTrr^^^.iS.^rg^;™^^^^^^^^^^^^^ 
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suddenness  of  increased  blood  flow  to  the 
face  suggests  that  this  is  a  viscerocutaneous 
reflex  rather  than  a  chemical-pharmacologi¬ 
cal  effect  of  the  alcohol  circulating  in  the 
blood  stream.  The  rationale  of  alcohol  ab¬ 
stinence  in  rosacea  and  other  diseases  with 
pathologically  decreased  vasomotor  tone  is 
evident. 

In  the  zone  of  cooling,  under  basal  condi¬ 
tions  with  the  person  lying  naked  and  mo¬ 
tionless,  the  greatest  vasomotor  change 


temperature  of  the  skin  and  of  the  surround¬ 
ing  air.  Loss  of  heat  per  unit  time  is  propor¬ 
tional  to  the  surface  area. 

The  mechanism  whereby  these  vascular 
reactions  and  changes  in  blood  distribution 
maintain  body  temperature  is  this:  At  high 
atmospheric  temperatures  or  with  elevated 
heat  production,  increased  blood  flow  to  the 
skin  effects  more  rapid  transport  of  heat  to 
the  surface;  at  the  same  time,  the  heat  con¬ 
ductivity  of  the  skin  increases;  the  skin  sur- 


2.-4-56  Normal  subject 


95 


91.4  S 

c: 


‘0 

o 


77 


Fig  8  -Surface  temperatures  of  cheek,  hand,  and  foot,  illustrating  a  vasomotor  gradient,  following  the 
oral  administration  of  ^  ounce  (15  cc.)  of  alcohol.  Vasodilatation  occurred  promptly  m  the  cheek  but  was 
somewhat  delayed  in  the  hand;  no  vasodilatation  occurred  m  the  foot,  krom  Horton  Sheard,  and  Roth  (  ). 

(Reproduced  by  permission  of  Dr.  Horton  and  the  Medical  Society  of  New  Jersey.) 


again  takes  place  in  the  feet  and  toes  (Fig. 
9).  Figure  9  shows  that  there  is  a  rapid  drop 
of  skin  temperature  on  the  feet  by  as  much 
as  8°  C.,  whereas  the  average  skin  tempera¬ 
ture  drops  more  gradually  and,  in  all,  not 
more  than  4?5  C.  Roughly,  cooling  of  the 
room  by  1°  C.  causes  a  drop  of  f  C.  m  the 
average  skin  temperature  (35).  In  spite  of 
vasoconstriction,  the  insulating  power  of  the 
skin  does  not  change  essentially  in  this  zone. 
The  fall  in  average  skin  temperature  seems 
to  be  the  effect  of  simple  physical  cooling 
(73),  according  to  Newton’s  law:  the  rate  o 
cooling  is  proportional  to  the  difference  in 


face  temperature  becomes  elevated,  and 
heat  loss  by  convection  and  radiation  in¬ 
creases.  Also,  blood  is  being  cooled  more  ef¬ 
ficiently  because  larger  volumes  get  into  the 
skin.  Decreased  peripheral  blood  flow  acts  in 
the  opposite  direction.  In  the  protection 
against  cold  the  capillaries  contract  and, 
particularly  in  the  acrae,  the  arterial  blood 
returns  through  arteriovenous  anastomoses 
(p.  77)  into  deep  veins,  so  that,  in  spite  of 
lowered  skin  temperature,  not  much  of  the 
heat  is  lost  by  cooling  of  the  blood. 

In  thermoregulatory  vasomotor  reactions 
it  is  the  total  volume  of  blood  per  unit  time 
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flowing  through  the  entire  thickness  of  the 
skin  which  counts.  Whether  or  not  the  su¬ 
perficial  minute  vessels  dilate  is  not  impor¬ 
tant  (p.  69).  It  is  rather  characteristic  that 
maximal  peripheral  blood  flow  is  frequently 
found  together  with  pale  skin,  e.g,  in  general 
anesthesia,  in  a  sudden  critical  fall  of  body 


motor  adjustments  are  not  found  in  other 
mammals.  The  cat,  for  instance,  is  protected 
against  cold  passively  by  its  fur  and  actively 
only  to  a  small  extent  by  diminishing  its 
surface  and  by  increasing  its  heat  produc¬ 
tion.  Deprived  of  its  fur,  its  rectal  tempera¬ 
ture  drops  rapidly  in  the  cold.  At  high  envi- 


temperature  of  patients  with  high  fever, 
after  administration  of  antipyretics,  and 
after  intake  of  alcohol.  The  range  of  cutane¬ 
ous  blood  flow  in  man  is,  indeed,  remarkably 
great.  The  average  blood  flow  in  fully  vaso- 
constricted  skin  is  probably  less  than  15 
cc/sq  meter/'min.  During  moderately  active 
vasodilatation  at  a  room  temperature  of 
3o  C.  It  IS  230  cc/sq  meter,  min,  and  during 
severe  exercise  1,200  cc/sq  meter/min  (37, 
80).  Comparable  thermoregulatory  vaso- 


ronmental  temperatures,  in  spite  of  great 
increase  in  respiration  and  of  coating  of  the 
accessible  parts  of  the  fur  with  saliva,  hyper¬ 
thermia  rapidly  ensues,  with  nausea,  vomit¬ 
ing,  convulsions,  and  death  (62). 

Because  vasodilatation  in  response  to 
warmth  raises  the  capillary  pressure,  it  was 
assumed  that  there  is  an  increased  fluid 
transudation  and  an  increase  in  the  water 
content  of  the  skin  (4).  This  would  increase 
thermal  conductivity  and  heat  loss.  Indeed, 
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It  often  appears  that  the  warm  skin  has  more  water  loss  does  not  increase  proportionally 
turgor  and  its  surface  is  smoother,  which  with  the  environmental  temperature  (69,  71, 
might  be  due  to  a  small  degree  of  swelling.  49)  (p.  233),  In  acute  inflammatory  condi- 
Still  it  is  remarkable  that  such  an  increase  in  tions  of  the  skin,  when  the  skin  temperature 
water  content  has  no  influence  on  insensible  is  several  degrees  higher  than  normal,  in- 
water  loss.  Below  the  critical  temperature  of  sensible  water  loss  is  not  consistently  in- 
generalized  sweat  outbreak  the  insensible  creased  (p.  233). 

FACTORS  INFLUENCING  SKIN  SURFACE  TEMPERATURE 


A.  GENERAL 

The  discussion  in  the  previous  sections 
has  made  it  clear  that  there  is  no  such  thing 
as  a  “normal”  temperature  of  the  skin  sur¬ 
face,  because  it  varies  with  a  great  number 
of  external  and  internal  factors  and  is  differ¬ 
ent  in  different  parts  of  the  body.  Skin  tem¬ 
perature  measurements  have  a  meaning 
only  if  internal  and  external  conditions  are 
well  defined.  The  factors  determining  the 
skin  temperature  have  been  grouped  and  are 
enumerated  by  Murlin  (59)  (Table  2). 

Many  of  these  factors  have  been  dis¬ 
cussed  in  the  previous  sections.  A  few  more 
factors  which  are  important  from  the  point 
of  view  of  skin  physiology  and  pathology 
will  be  considered  here  briefly. 

B.  INFLUENCE  OF  SURFACE  PATTERN 

Wrinkling  of  the  skin  involves  increased 
surface  and  therefore  increased  heat  loss  by 
radiation  and  greater  coolness  of  the  surface. 
Smooth  skin  is  warmer.  Similarly,  on  sur¬ 
faces  with  sharp  curvatures,  as  seen  in  lean 
persons,  the  temperature  is  lower  than  in 
plump  persons  with  broad  curvatures  (59). 

C.  INFLUENCE  OF  SEBUM 

Excess  sebum  acts  like  a  heat  insulator. 
Under  normal  circumstances  a  freshly 
cleaned  skin  surface  is  cooler  than  a  surface 
covered  with  sebum.  Emulsification  of 
sebum  by  sweat  may  i)romote  its  removal 
(41 , 42).  Thus  sweat  may  exert  an  additional 
cooling  effect:  it  increases  heat  loss  by  radia¬ 
tion  and  convection  because  it  removes 
sebum. 

D.  REGIONAL  DIFFERENCES 

Burton’s  data  (15,  16)  (Table  1,  p.  253) 
reveal  that  temperatures  on  face  and  trunk 


are  higher  than  on  extremities.  This  is  so 
mainly  because  the  surface  as  related  to 
mass  is  greater  on  the  extremities.  However, 
Table  2  also  shows  that  under  comfortable 
atmospheric  conditions  this  difference  is  not 
great,  except  on  the  distal  parts  of  the  lower 
extremities.  Benedict  (9),  examining  young 
girls  after  a  night’s  rest  under  the  bed  cover 
at  room  temperatures  averaging  18?6  C. 
(65?5  F.)  and  at  a  relative  humidity  of  70 
per  cent,  found  an  average  skin  temperature 
of  35°  C.  on  the  trunk  and  30°  C.  on  the  feet. 
But  this  difference  became  less  when  the 
room  temperature  was  raised  to  30°  C. 
(86°  F.).  In  this  case  the  skin  temperature  of 
the  trunk  was  36°  C.,  that  of  the  feet, 
33?4  C. 

In  intertriginous  areas,  particularly  in 
axillae  and  groins,  the  skin  temperature  is 
always  relatively  high  because  of  restricted 
radiation  and  convection.  Somewhat  higher 
surface  temperatures  than  in  adjacent  areas 
were  also  noted  in  the  antecubital  and 
popliteal  fossae  (85), 

In  naked  persons  the  face  is  usually 
warmer  than  the  trunk,  but  clothing  either 
equalizes  this  difference  or  reverses  it.  The 
forehead  was  found  to  have  the  relatively 
most  constant  temperature. 

Differences  larger  than  1°  C.  on  sym¬ 
metrical  sites  of  distal  parts  of  the  extremi¬ 
ties  indicate  peri{)heral  vascular  disease 
(73).  For  details  on  thermoregulatory  dis¬ 
turbances  in  these  diseases  see  Sheard  (73), 
Abramson  (1),  and  Richards  (64). 

The  skin  temperature  is  measurably  in¬ 
creased  over  large  subcutaneous  arteries.  A 
projection  of  collecting  superficial  veins 
carrying  cooled  blood  can  be  jilotted  on  the 
skin  surface  in  the  form  of  cool  streaks  at 
cool  atmosjiheric  temperatures.  Regardless 
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of  the  great  regional  differences,  many  at¬ 
tempts  have  been  made  to  establish  the 
average  skin  temperature.  The  most  recent 
attempt  is  that  of  Hensel  (39),  who  registers 
continuously  skin  surface  temperatures  from 
nine  sites,  viz.,  forehead,  chest,  abdomen, 
upper  arm,  dorsum  of  hand,  thigh,  leg,  and 
dorsum  of  foot.  He  integrates  the  values  by 
considering  how  much  of  the  total  surface 
area  is  represented  by  each  region  and  cal¬ 
culating  how  much  they  contribute  accord¬ 
ingly  to  the  average  temperature. 


E.  INFLUENCE  OF  CLOTHING 


Heat  loss  by  radiation  and  convection  is 
not  substantially  modified  by  conventional 
clothing  at  moderate  temperatures.  How¬ 
ever,  it  conveys  quite  substantial  protection 
beyond  the  “normal”  range  of  atmospheric 
temperature  in  both  directions,  against  e.\- 
cessive  cold  and  excessive  heat. 

Below  25°  C.  (77°  F.)  atmospheric  tem¬ 
perature  the  skin  surface  temperature  is 
higher  than  the  temperature  on  the  surface 
of  clothes,  an  indication  that  heat  loss  from 
the  skin  is  retarded  (33).  In  this  range  the 
skin  surface  temperature  is  higher  with  than 
without  clothing.  For  instance,  at  22°  C. 
(72  F.),  by  covering  the  naked  body  with 
clothing,  the  skin  temperature  rises  from 
32?2C.  (90°  F.)  to33?9C.  (93°  F.).  Con¬ 
versely,  in  disrobing,  there  is  a  decrease  in 
skin  surface  temiierature  on  the  previously 
covered  parts,  hirst  the  fall  is  rapid,  then  it 
becomes  slower.  7  he  final  temperature  is 
reached  in  hours  (73). 


The  protective  action  against  cold  de 
pends  on  the  thickness  of  the  still  air  whicl 
is  entrapped  in  the  layers  of  the  clothing 
still  air  being  one  of  the  best  heat  insulator; 
(24).  Barring  extreme  degrees  of  cold,  the 
type  of  material— cotton  or  wool,  for  in¬ 
stance— is  relatively  unimportant  in  this 
protecting  effect.  A  person  not  supposed  to 
wear  woolen  garments  can  protect  himself 
satisfactorily  with  several  layers  of  cotton 
if  we  disregard  extreme  degrees  of  cold 
_  Compression  of  the  air  layer  as  it  occur<^ 
in  a  man  lying  in  a  sleeping  bag  or  wearing 
tight  gloves  reduces  the  thickness  of  the  air 


TABLE  2 


Summary  of  Factors  Influencing 
Skin  Temperature  (59) 


Causes  of  low  skin  temjjerature 
I.  Internal 

a)  General 

1.  V'asoconslriclion  (from  any  cause) 

2.  Moistness  of  skin  (from  within  or  with¬ 
out) 

3.  Subcutaneous  fat  (or  other  poor  con¬ 
ductor) 

4.  Roughness  of  skin  (wrinkles) 

5.  Sharp  curvatures  (leanness) 

6.  .Absence  of  i)rotective  covering 

7.  Cleanliness  of  skin 

b)  Local 

1.  Thick  epidermis  (calluses) 

2.  Distance  from  heart  (blood  cools  on 
waj’) 

3.  V'asodilatation  from  stagnation 

4.  Overlarge  veins  (if  extremities  are 
cold) 

5.  Large  surface  in  relation  to  mass  (fin¬ 
gers) 

6.  Surfaces  which  do  not  radiate  toward 
each  other 

11.  External 

1.  Low  tem{)erature  of  surrounding  walls 
and  air 

2.  High  humidity  (with  low  temperature) 

3.  Wind  or  artificial  air  currents 
B.  Causes  of  high  skin  temjjerature 

1.  Internal 

a)  General 

1.  Vasodilatation  (and  increased  flow) 

2.  Dry  skin  (relative  to  vapor  tension;  ab¬ 
sent  or  defective  sweat  glands) 

3.  .Absence  of  fat  (nearness  of  large  mus¬ 
cular  masses  and  organs) 

4.  Smooth  skin  (youthfulness) 

5.  Broad  curvatures  (plumpness) 

6.  Protective  covering  (poor  conductors) 

/.  Dirt,  grime,  excess  sebum 

b)  Local 


IT 


1.  Thin  epidermis 

2.  Nearness  to  heart 

3.  Local  relative  vasoconstriction 
venting  stagnation 

4.  Overlarge  arteries 

5.  Small  surfaces  relative  to 
(breasts) 


pre¬ 


mass 


6.  Surfaces  radiating  toward 
External 


each  other 


1. 


High  temjierature  of 
jects  and  air 


surrounding  ob- 


2.  HiRh  humidity  (will,  high  tem„era- 


3. 

4. 


Stagnant  air  (or  high 
temperature) 

Insolation  (and  other  r 


'vind  at  high 
adiations) 
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layer,  with  a  corresponding  reduction  in  pro¬ 
tection.  On  the  other  hand,  too  large  air 
spaces,  i.e.,  wider  than  4  or  5  mm.,  make 
possible  convective  losses  which  may  be¬ 
come  quite  high  (24). 

In  arctic  regions  difficulties  arise  from 
vaporization  of  water  from  the  skin  surface. 
Exercise  in  dry  heavy  clothing  in  the  cold 
causes  vaporization  from  the  skin  and  in¬ 
creased  heat  loss.  The  water  condenses  in 
the  cold  intermediate  layers  of  the  clothing. 
Some  of  the  heat  produced  by  the  condensa¬ 
tion  may  benefit  the  body,  but  most  of  it  is 
lost  to  the  outer  layers  of  the  clothing.  When 
the  skin  vaporizes  water  faster  than  the 
outer  layer,  the  clothing  becomes  wet,  and 
insulation  will  be  poor.  Under  such  circum¬ 
stances  rest  after  exercise  is  particularly 
dangerous,  because  at  rest  the  moisture 
evaporates  from  the  garment  and  this 
causes  severe  chilling  of  the  resting  person. 
Wet  or  frozen  garments,  therefore,  must  be 
avoided  in  severe  cold  (24). 

Clothing  is  useful  against  excessive  dry 
heat,  as  it  protects  against  the  direct  rays 
of  the  sun  and  the  hot  air.  Above  36°  C. 


(97°  F.)  air  temperature,  the  temperature  on 
the  surface  of  clothes  is  higher  than  on  the 
skin.  This  indicates  retardation  of  heat  pen¬ 
etration  from  the  outside.  The  skin  tempera¬ 
ture  can  be  kept  considerably  lower  than 
that  of  the  clothing  when  there  is  evapora¬ 
tive  heat  loss  cooling  the  skin,  as  is  the  case 
in  dry  heat.  Naturally,  it  is  advantageous  to 
wear  white  garments,  which  reflect  visible 
radiation,  because  this  is  transformed  into 
heat  when  absorbed  by  the  skin  (p.  264). 
In  severe  heat  and  under  strenuous  exer¬ 
cise  when  sweating  ability  gradually  de¬ 
clines  (p.  213),  this  decline  is  faster  m  per¬ 
sons  clad  in  army  tropical  uniforms  than  m 
those  wearing  just  broadcloth  shorts  (34). 

In  a  moist,  hot  atmosphere  the  permea¬ 
bility  to  water  vapor  is  the  most  important 
feature  of  garments,  both  for  protection 
against  overheating  and  for  keeping  t  ie 
skin  healthy.  Materials  impermealfle  to 
water  vapor  will,  in  the  long  run  hinder  the 
evaporation,  with  subsequent  heat  stasis. 


imbibition  by  the  horny  layer,  and  occlusion 
of  sweat-gland  pores.  Evaporation  from  the 
skin  is  more  efficient  than  evaporation  from 
moist  clothing  (66). 

When  the  temperature  of  the  air  is  higher 
than  that  of  the  skin,  it  is  also  important  to 
use  garments  which,  while  permeable  to 
vapor,  are  relatively  impermeable  to  moving 
air,  because  moving  hot  air  would  further  in¬ 
crease  skin  temperature.  There  are  tightly 
woven  fabrics  which  are  hardly  permeable 
to  moving  air  but  are  as  permeable  to  water 
vapor  as  other  more  loosely  woven  material. 
Obviously,  they  are  ideal  for  the  skin  in  the 
tropics. 

The  type  of  appropriate  clothing  as  a 
thermal  barrier  has  become  the  subject  of 
elaborate  scientific  investigations  in  the  last 
fifteen  years.  The  respective  roles  of  differ¬ 
ent  properties  of  the  garments,  such  as 
thickness,  density,  resilience,  flexibility,  air 
permeability,  waterproofness,  moisture-ab¬ 
sorption  capacity,  etc.,  have  been  studied  in 
detail  (61).  Unfortunately,  however,  the 
influence  of  different  fabrics  used  for  gar¬ 
ments  in  skin  diseases  has  not  yet  been  sys¬ 
tematically  studied. 

Since  the  work  of  Gagge,  \\  inslow,  and 
Herrington  (33)  and  Gagge,  Burton,  and 
Bazett  (32),  the  effect  of  clothing  on  cutane¬ 
ous  heat  loss  has  been  expressed  semiquanti- 
tatively.  These  authors  introduced  the  terms 
“Met”  and  “Clo.”  One  “Met”  is  the  heat 
production  of  a  man  sitting  quietly  in  a  chair 
in  a  room  at  ordinary  temperature.  One 
“Clo”  is  the  protective  value  of  the  ordinary 
clothing  that  keeps  him  comfortable  under 
these  conditions.  A  heavy  suit  used  for  ex¬ 
treme  cold  has  a  value  of  3  Clo.  It  will  pro¬ 
tect  a  man  from  losing  body  heat  in  an  envi¬ 
ronment  of  0°  C.  (32°  F.)  if  he  is  resting  and 
producing  only  1  Met.  If  he  is  walking  and 
increasing  his  heat  producdon  three  times, 
to  3  Mets,  he  will  still  remain  fairly  comfort¬ 
able  at  0°  C.  If  a  man  is  sleeping  and  pro¬ 
ducing  only  0.8  Met  in  a  tent  at  -29°  C. 

F.),  a  sleeping  bag  would  be  needed 
that  provides  11  Clo,  and  this  is  impossible 
to  secure  (24).  Indices  of  comfort  have  been 
discussed  by  Yaglou  (87). 
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IX.  HEAT  REGULATION  IN  DISEASED  SKIN 


Occlusion  of  venous  circulation  is  imme¬ 
diately  followed  by  a  drop  in  skin  tempera¬ 
ture  in  the  area  of  venous  stasis.  In  stasic 
conditions  the  regulatory  effect  of  blood 
flow  is  markedly  decreased,  and  there  is  a 
greater  tendency  toward  equalization  be¬ 
tween  the  temperature  of  the  skin  and  that 
of  the  atmosphere.  The  “dryness”  of  the 
skin  in  stasic  dermatitis,  often  associated 
with  itching,  might  have  something  to  do 
with  decreased  blood  flow,  decreased  sweat¬ 
ing,  and  decreased  sebaceous-gland  activity. 

In  generalized  erythematous  inflamma¬ 
tions  of  the  skin,  thermoregulation  is  dis¬ 
turbed  by  several  mechanisms.  In  true  acute 
inflammatory  processes  the  dilatation  of  the 
superficial  minute  vessels  is  associated  with 
a  true  increased  blood  flow,  and  therefore 
the  temperature  of  the  skin  is  abnormally 
high.  The  skin  surface  temperature  in  acute 
solar  dermatitis,  for  instance,  was  found  to 
be  8°  C.  higher  than  that  of  the  surrounding 
normal  skin  (29).  Hence  heat  loss  by  radia¬ 
tion  and  convection  is  greatly  increased. 
This  is  the  reason  for  chills  without  fever  in 
patients  with  generalized  acute  dermati- 
tides.  If  these  patients  are  kept  warm,  the 
chills  can  be  suppressed.  The  ability  of  the 
minute  vessels  to  contract  is  greatly  reduced 
in  this  situation.  Early  e.xperiments  by  me 
and  my  colleagues  indicated  that  higher 
concentrations  of  epinephrine  are  required 
to  cause  visible  contraction  of  the  minute 
vessels  in  acute  dermatitides  than  in  normal 
skin  (70)  (p.  80).  In  generalized  acute  der¬ 
matitides  the  skin  is  unable  to  respond  with 
general  vasoconstriction  to  low  environmen¬ 
tal  temperatures.  Under  such  circumstances 


the  heat  balance  must  be  maintained  by  in¬ 
creased  heat  production  (food  intake,  exer¬ 
cise,  shivering)  or  by  raising  the  atmospheric 
temperature. 

In  subacute  and  chronic  generalized 
erythematous  inflammatory  processes  the 
situation  is  different  because  in  these  condi¬ 
tions  vasodilatation  does  not  necessarily 
imply  increased  blood  flow  and  warm  skin. 
The  best  example  is  chronic  exfoliative  der¬ 
matitis.  In  most  cases  the  skin  temperature 
is  not  greatly  elevated.  However,  in  these 
cases  ev^aporative  heat  loss  is  greatly  en¬ 
hanced,  up  to  tenfold  (29).  This  is  due  partly 
to  accelerated  keratinization  (p.  234)  and 
partly  to  increased  permeability  of  the  skin 
to  water  from  the  inside  to  the  outside  by 
virtue  of  parakeratosis  (29).  This  is  the  rea¬ 
son  that  these  patients,  too,  shiver  easily 
and  that  their  fluid  intake  is  greatly  in¬ 
creased.  In  patients  with  generalized  eryth¬ 
roderma  Mahli  (55)  found  high  skin  tem¬ 
peratures,  which,  however,  were  dampened 
by  the  greatly  increased  insensible  water 
loss.  The  increased  blood  flow  to  the  skin  did 
not  diminish  in  a  moderately  cool  environ¬ 
ment.  \Mien  cooled  energetically,  the  body 
temperature  fell  almost  as  in  a  dead  body,  in 
accordance  with  Newton's  law  of  cooling. 
W  hen  cooled  moderately,  these  patients  re¬ 
acted  with  chill  and  increased  basal  metabolic 
rate.  This  increase  in  metabolism  was  sec¬ 
ondary  to  cooling  and  was  much  less  than 
would  have  been  expected  from  the  in¬ 
creased  insensible  water  loss.  It  was  quite 
obvious  that  with  diseased  skin  there  is  no 
parallelism  between  insensible  water  loss 
and  basal  metabolic  rate  (p.  239). 


X.  LOCAL  EFFECTS  OF  COLD 


Moderate  cold  stimuli  cause  paling  of  the 
skin.  After  the  cold  stimulus  has  ceased,  a 
reactive  arterial  vasodilatation  follows.  It  is 
because  of  this  reaction  that  in  most  acute  in¬ 
flammatory  conditions  the  apjflication  of  ice 
or  ice-cold  water  is  not  advisable.  Although 
the  primary  vasoconstriction  gives  great 


subjective  relief  and  has  antiphlogistic  ac¬ 
tion  objectively,  the  subsequent  hyperemia 
makes  the  situation  worse  than  it  was  before 
t  ie  cold  application.  Burckhardt  (14)  has 
dealt  with  this  reaction  and  found  that  re- 
warming  of  cold  hands  is  much  slower  in 
women  between  menarche  and  menopause 
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than  in  men  of  comparable  age.  However, 
during  pregnancy  rewarming  is  greatly 
accelerated. 

Lewis  (52)  found  that  even  if  e.xposure  to 
cold  is  maintained,  there  is  a  reactive  hy¬ 
peremia  to  cold  and  that  this  reaction  is  a 
rhythmical  phenomenon.  If  a  finger  is  kept 
in  ice  water  and  the  skin  temperature  falls  to 
near  0°  C.,  there  is  a  spontaneous  rewarm¬ 
ing,  with  a  ma.ximum  rise  of  about  10°  C. 
after  15  minutes.  Later,  the  skin  tempera¬ 
ture  falls  again  and  rises  again  in  rhythmical 
periods.  The  waves  may  repeat  themselves 
many  times  if  the  finger  is  kept  in  ice  water 
(Fig.  10).  Lewis  presented  evidence  that  the 
periodic  vasodilatation  is  due  to  periodic 
axon-reflex  impulses.  More  recently,  how¬ 
ever,  Kramer  and  Schulze  (48)  demonstrat¬ 
ed  a  periodicity  of  central  nervous  system 
impulses  which  are  in  the  background  of  the 
a.xon-reflex  rhythmicity.  They  found  that 


rewarming  is  due  to  dilatation  of  arterioles 
and  arteriovenous  anastomoses.  They  were 
able  to  prolong  the  vasodilatory  periods  by 
administration  of  hot  fluids  and  by  intake  of 
alcohol. 

Extensive  studies  in  this  field  were  done 
by  Blaisdell  (11).  He  found  that  the  inter¬ 
mittent  vasodilatation  of  the  fingers  in  the 
cold  occurred  not  only  when  the  body  as  a 
whole  was  warm  but  also  when  the  body  was 
thoroughly  chilled.  Thus  the  blood  flow  to 
the  fingers  did  not  depend  on  the  thermo¬ 
regulatory  ‘‘needs”  of  the  body  as  a  whole 
but  was  a  rather  independent  local  reaction. 
However,  the  degree  of  cold  necessary  to 
evoke  the  cyclic  hyperemic  response  was 
less,  the  warmer  the  body.  He  interpreted 
the  rhythmical  j)henomenon  as  being  due  to 
changing  of  the  spatial  thermal  gradient.  A 
critical  temperature  difference  between  the 
warm  blood  and  the  surface  of  the  cooled 
finger  sets  up  a  steep  thermal  gradient  which 
stimulates  the  axon-reflex  receptors  to  ini¬ 
tiate  local  reflex  vasodilatation;  when  warm 
blood  flows  through,  the  gradient  decreases 
vasodilatation  subsides,  the  finger  cools  and 
vasoconstriction  ensues.  He  found  thM  t 
hyperemia  has  a  definite  local  e^ive 
vllue  but  does  not  necessarily  inhibit  frost¬ 


bite,  because  frostbite  sets  in  at  the  initial 
cooling  period. 

Cold  stimuli  of  long  duration  bring  about 
a  livid  discoloration  as  the  result  of  paresis 
in  the  venous  limbs  of  the  capillaries.  Cold 
stimuli  of  extreme  intensity  are  followed  by 
the  appearance  of  a  vivid  red  color,  which  is 
due  to  paresis  of  arterioles;  in  spite  of  ar¬ 
teriolar  dilatation,  this  condition  is  not  con¬ 
nected  with  increased  blood  flow,  the  tem¬ 
perature  of  the  skin  does  not  rise,  and  the 
heat  loss  is  not  increased.  Such  paralytic  ar¬ 
terial  hyperemia  can  persist  when  the  metab¬ 
olism  of  the  tissue  is  considerably  dimin¬ 
ished,  so  that  the  oxyhemoglobin  of  the 
blood  remains  unused.  This  condition  repre¬ 
sents  the  first  grade  or  the  erythematous 
phase  of  freezing  or  congelation.  It  is  fol¬ 
lowed  by  stasis  in  the  venous  system  and 
passive  hyperemia,  later  on  by  edema.  Con¬ 
gelation  of  the  second  and  third  degrees 
(blister  formation,  hemorrhage,  necrosis)  is 
due  to  severe  cellular  damage  in  the  vessel 
walls  and  in  the  epidermis. 

In  true  congelation  those  parts  of  the 
body  surface  are  primarily  endangered 
which  carry  the  brunt  of  vasomotor  heat 
regulation,  namely,  the  acrae.  The  regula¬ 
tive  capacity  of  fingers,  toes,  hands,  feet, 
ears,  and  nose  is  potentiated  by  the  great 
number  of  arteriovenous  anastomoses  in 
these  areas,  and  it  appears  that  these  parts 
of  the  body  are,  so  to  speak,  sacrificed  to 
maintain  body  temperature. 

In  contrast  to  congelation,  chilblain  (j)er- 
nio)  does  not  develop  at  extreme  degrees  of 
cold  but  at  temperatures  around  and  above 
freezing  point  exclusively  in  individuals  with 
constitutionally  insufficient  capillary  circu¬ 
lation  in  fingers  and  toes.  These  individuals, 
always  having  “cold  feet  and  cold  hands, 
are  the  victims  of  acrocyanosis  and  swellings 
in  moderately  cold  weather  and  develop 
nodular  lesions  around  damaged  blood 
vessels  (50). 

“Immersion  foot”  or  “trench  foot  is  a 
pathological  state  of  the  vessels  and  issues 
of  the  feet  brought  about  by  prolonged  chill¬ 
ing  of  the  feet  by  cold  water.  Aiiparently, 
cold  (not  necessarily  freezing)  temperatures 
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and  moisture  act  synergistically  in  develop¬ 
ing  this  severe  condition  (10).  The  immedi¬ 
ate  reaction  to  cold  is  vasoconstriction,  and, 
according  to  the  duration  and  severity  of  the 
exposure,  all  degrees  of  capillary  damage 
may  result.  If  after  the  exposure  to  cold 
water  the  feet  are  brought  rather  suddenly 
to  normal  temperatures,  persistent  reactive 
hyperemia  (p.  261)  results,  and  there  is 
swelling,  blistering,  ulceration,  and  gan¬ 


grene,  because  in  the  vasodilatory  phase 
capillary  damage  permits  leakage  of  plasma 
into  the  tissues.  Thrombosis  often  seriously 
complicates  the  situation  (12).  After  6-10 
weeks  the  hyperemic  stage  merges  into  one 
in  which  the  feet  are  pale,  cold,  and  very 
sensitive  to  cold.  In  the  chronic  stage 
the  disease  is  characterized  by  severe  dis¬ 
turbances  in  the  regulation  of  blood  flow 
(63). 


XL  PENETR.VnON  OF  THERMAL  STIMULI 


By  simple  contact  with  warm  objects, 
only  the  most  superficial  layers  of  the  skin 
are  heated.  If  heating  pads  or  hot-water 
bottles  have  any  effect  on  the  circulation  of 
underlying  deep-seated  organs,  this  must  be 
achieved  by  local  reflex  action.  The  epider¬ 
mis  can  be  scalded,  but  the  temperature  in 


TABLE  3 

Penetration  of  Heat  through  the  Skin 
FROM  Different  Sources  (76) 


Equal  Energies  of; 

Surface 

Temperature 

(°F.) 

Temperature 

3  Mm.  be¬ 
low  Surface 

r  F.) 

Vi'cihlp  ra  vs  . 

106.7 
111.5 

110.7 

109.6 

107.1 

104.9 

Short-wave  infrared 
Long-wave  infrared 

superficial  blood  vessels  does  not  change. 
Similarly,  long-wave  infrared  rays  do  not 
penetrate  to  any  appreciable  depth. 

In  contrast,  short-wave  infrared  rays  and 
jiarticularly  visible  rays,  mainly  red  and  yel¬ 
low,  warm  the  skin  throughout  its  entire 
thickness  without  damaging  the  surface 
^75_79),  For  example,  if  the  surface  is 
warmed  by  a  dark  hot  iron  plate  (long-wave 
infrared  rays)  to  45°  C.  (113°  F-), .the  tem¬ 
perature  in  the  lower  corium  is  40  L. 
(103?6  F.).  But  if  the  same  surface  tempera¬ 


ture  is  produced  by  a  carbon-arc  lamp  with 
its  rich  visible  radiation,  the  temperature  in 
the  lower  corium  is  as  high  as  44°  C.  (111° 
F.).  It  may  even  happen  that  deep  layers 
become  w^armer  than  the  surface  when  the 
skin  is  irradiated  with  visible  rays,  because 
of  greater  absorjition  in  the  depth  (Table  3). 

Infrared  rays  are  absorbed  superficially 
and  cause  heat  damage  wTerever  they  are 
absorbed.  Visible  rays  penetrate  deeper  and 
transform  into  heat  after  they  have  been 
absorbed  in  deeper  layers. 

High-frequency  currents  (“diathermy”) 
warm  the  tissues  all  along  their  pathway,  ac¬ 
cording  to  their  intensity  and  the  heat  ca¬ 
pacity  of  the  tissues.  All  along  the  current 
the  electric  energy  is  transformed  into  heat. 
This  is  Joule’s  heat,  which  is  proportional  to 
the  square  of  the  electric  intensity.  The  dif¬ 
ference  in  effects  of  contact  heating  and 
heating  by  ambient  air  and  radiant  heat  w'as 
discussed  on  page  252. 

Application  of  cold  objects  to  the  skin 
carries  cold  deeper  down  than  warm  objects 
carry  heat.  The  deep  corium  can  be  cooled 
quite  considerably  by  ice  compresses.  Al¬ 
though  the  skin  with  constricted  vessels  is  a 
poor  conductor,  the  fact  that  there  is  no  cir¬ 
culating  blood  to  bring  heat  from  within  to 
the  surface  makes  such  effective  cooling 
possible. 


The  Role  of  the  Skin  in  Thermoregulation 

XII.  CIUNGES  IN  SWEAT  SECRETION  DURING  ACCLIMATIZATION 
TO  HIGH  ENVIRONMENTAL  TEMPER.VrURES 


In  acclimatization  to  high  temperatures, 
cardiovascular  adjustments  as  studied  by 
Dill  (22),  Bazett  (72),  Adolph  (2,  3),  Keys 
(82),  and  others  are  of  paramount  impor¬ 
tance.  In  addition,  however,  vitally  impor¬ 
tant  adjustments  take  place  also  in  the 
sweating  mechanism. 

In  subjects  not  acclimatized  to  high  envi¬ 
ronmental  temperatures  the  rectal  tempera¬ 
ture  rises  considerably  before  sweating  sets 
in.  With  successive  day-by-day  exposures, 
reflex  sweating  will  start  at  progressively  lower 
rectal  temperatures.  This  conditioning  of  re¬ 
flex  sweating  is  particularly  rapid  in  the  first 
3-4  days  (65,  68,  51).  With  further  expo¬ 
sures,  a  new  adjustment  takes  place:  at  a 
given  rectal  temperature  the  sweat  rate  in¬ 
creases  (51).  This  is  the  principal  adaptive 
mechanism.  In  the  nonacclimatized  individ¬ 
ual  the  skin  temperature  rises  considerably, 
owing  to  radiation  from  the  outside,  causing 
the  thermal  gradient  from  the  inside  of  the 
body  to  the  outside  to  decrease.  Large  pe¬ 
ripheral  blood  flow  (an  attempt  to  increase 
heat  radiation  outward)  causes  inadequate 
blood  flow  in  internal  organs.  The  circula¬ 
tion  becomes  overtaxed  and  unstable  (28). 
With  increased  evajjorative  cooling  in  the 
acclimatized  individual,  these  difficulties  are 
largely  overcome.  Cooling  of  the  surface 
widens  the  internal  thermal  gradient,  and  a 
relatively  small  rate  of  blood  flow  to  the 
periphery  suffices  to  transfer  deep  heat  to 
the  periphery. 

A  third  important  adjustment  is  a  signifi¬ 
cant  reduction  in  the  salt  concentration  of 
sweat.  This  occurs  after  a  few  days  of  ac¬ 
climatization  (51).  Whereas  Johnson  et  al. 
(47)  thought  that  the  lowered  chloride  con¬ 
centration  was  an  indirect  effect  in  acclima¬ 
tization  secondary  to  better  cooling  of  the 
skin  (p.  213)  and  to  lower  rectal  tempera¬ 
tures,  Robinson  et  al.  (67)  found  that  even 
if  rectal  temperatures,  skin  temperatures 
and  sweating  rates  are  constant,  acclimati¬ 
zation  invariably  leads  to  a  decrease  in 


chloride  secretion.  The  mechanism  of  this 
adaptation  phenomenon,  first  observed  by 
Talbott,  Edwards,  Dill,  and  Drastich  (81), 
was  clarified  by  the  brilliant  work  of  Conn 
(19,  20,  18). 

Conn,  first  studying  the  effect  of  desoxy- 
corticosterone  (DOCA),  found  that,  whereas 
urinary  sodium  chloride  excretion  is  de¬ 
pressed  by  this  hormone  for  only  a  few  days 
and  then  rebounds  to  much  higher  values 
than  normal,  the  sodium  and  chloride  con¬ 
tent  of  sweat  continues  to  be  low  under  the 
influence  of  this  salt-saving  steroid  as  long 
as  it  is  given.  When  administration  of 
DOCA  is  discontinued,  there  is  a  rebound 
effect  in  sweat,  too.  When  adrenocortico¬ 
tropic  hormone  (ACTH)  is  given,  the  sweat 
chloride  concentration  is  similarly  de¬ 
pressed.  The  effect  is  different  because 
ACTH  also  causes  a  negative  nitrogen  bal¬ 
ance  by  virtue  of  its  catabolic  effect  on  pro¬ 
teins.  This  makes  the  effect  of  ACTH  iden¬ 
tical  with  that  of  natural  acclimatization,  in 
which  the  nitrogen  balance  is  negative  as 
long  as  the  adjustment  of  sodium  chloride 
secretion  is  made.  With  DOCA  there  is 
rather  a  tendency  to  nitrogen  retention, 
probably  because  of  pituitary  suppression. 

Conn  came  to  the  conclusion  that  natural 
acclimatization  to  strenuous  work  in  hot  en¬ 
vironment  is  a  pituitary-adrenal  effect,  cor¬ 
responding  to  a  chronic  stress  situation.  In 
such  a  situation  there  is  continuous  activity 
of  salt-saving  steroids,  with  a  gradual  dis¬ 
appearance  of  the  stimulating  action  on 
protein  decomposition.  In  acute  stress  (for 
instance,  if  salt  is  withdrawn  in  strenuous 
work)  the  negative  nitrogen  balance  per¬ 
sists.  According  to  Conn,  the  chloride  con¬ 
centration  of  sweat  may  be  used  as  an  inde.x 
of  activity  of  the  salt-saving  steroids. 

Locke  et  al.  (54)  called  attention  to  the 
difficulties  which  arise  from  the  great  vari¬ 
ability  111  the  salt  concentration  of  sweat 
under  ffiiormal”  conditions.  This  makes  it 
according  to  Locke,  very  difficult  to  judge 


Physiology  and  Biochemistry  of  the  Skin 


the  activity  of  DOCA-like  steroids  simply 
from  the  salt  concentration  of  sweat.  The 
two  main  factors  on  which  the  sodium  and 
chloride  concentration  of  sweat  depends  are 
the  rate  of  sweating  and  the  skin  tempera¬ 
ture  (see  p.  213).  The  sweat  chloride/  sweat¬ 
ing-rate  index  of  Locke  el  al.  (see  p.  213),  if 
expressed  in  certain  mathematical  terms, 
gives  true  “normal,”  individually  constant 
values.  The  role  of  skin  temperature  and  of 
the  intensity  of  the  thermal  stimulus  are 
also  taken  care  of  in  this  formula.^  The  ad¬ 
ministration  of  ACTH  or  of  DOCA  is  ac¬ 
companied  by  a  striking  reduction  in  these 
index  values,  whereas  no  such  effect  is 
achieved  by  cortisone,  methyltestosterone, 
or  progesterone.  These  latter  hormones 
rather  have  the  tendency  to  raise  the 
index,  probably  because  of  pituitary  sup¬ 
pression. 

The  index  is  conspicuously  high  in  adre¬ 
nal  insufficiency.  These  high  values  can  be 
approximated  in  normals  if  excessive 
amounts  of  salt  are  given.  The  real  charac¬ 
teristic  feature  of  adrenal  insufficiency  is 
that  there  is  no  adjustment  of  the  index 
with  changing  conditions.  Whereas  in  nor¬ 


mals  the  sweat  chloride  adjusts  itself  to 
changes  in  sodium  chloride  intake,  to  repeat¬ 
ed  exposures  to  heat,  and  to  changes  in  j)o- 
tassium  content  of  the  diet,  such  adjust¬ 
ments  are  lacking  in  adrenal  insufficiency. 

Thus  the  decrease  in  sodium  chloride  con¬ 
centration  of  sweat  in  acclimatization  is 
clearly  an  endocrine  function.  It  is,  however, 
remarkable  that  not  only  the  concentration 
of  sodium  chloride  but  also  that  of  lactic 
acid  decreases  considerably  in  acclimatiza¬ 
tion  (p.  211).  It  is  difficult  to  interpret  this 
change  as  a  reaction  to  chronic  stress.  It  is 
assumed  that  part  of  the  lactate  in  sweat 
originates  from  glycogen  in  the  sweat  gland 
(p.  210).  Steroid  hormones  having  a  gly- 
coneogenetic  effect  would  promote  rather 
than  suppress  the  breakdown  of  glycogen. 

The  saving  of  sodium  chloride  by  ac¬ 
climatization  is  indeed  quite  substantial. 
The  chloride  concentration  decreases  by  60- 
70  per  cent.  If  an  unacclimatized  man  loses 
4  gm  NaCl,  1,  or,  with  8  liters  sweat  daily, 
a  total  of  32  gm.,  this  amount  is  reduced 
after  acclimatization  to  9.5-13  gm.  (18). 

7.  Chloride  concentration  is  expressed  in  mEq/1, 
sweating  rate  in  ml/hr/0.1  sq  meter  surface. 
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I.  THE  EEFECT  OF  HOT,  HUMID  CLIMATE 


Modern  physiologists,  when  dealing  with 
profuse  eccrine  sweating  and  its  conse¬ 
quences,  have  been  preoccupied  with  one 
vital  aspect,  namely,  the  “heat-exhaustion 
syndrome”  as  it  appears  in  consequence  of 
excessive  loss  of  salt  and  water.  During  the 
second  World  War  a  new,  but  not  less  im¬ 
portant,  phenomenon — the  sweat-retention 
syndrome — was  discovered. 

This  syndrome  was  first  observed  among 
troops  serving  in  hot,  humid  climates.  Nor¬ 
mal  healthy  young  men,  sweating  normally 
for  a  while,  suddenly  or  gradually  lost  their 
ability  to  sweat  on  the  trunk  and  limbs  and 
became  moderately  hyperthermic,  the  aver¬ 
age  body  temperature  being  100°  F.  They 
felt  well  at  rest,  but,  on  even  moderate  exer¬ 
cise  in  the  heat,  they  became  rapidly  ex¬ 
hausted  and  suffered  from  headache,  paljii- 
tation,  and  dyspnea.  In  such  attacks  the 
pulse  rate  was  accelerated  up  to  160  beats 
per  minute  and  respiration  up  to  50  per 
minute  (11).  Some  had  inflammatory  skin 
eruptions  resembling  “prickly  heat”;  but  in 
others  nothing  could  be  seen  on  the  skin.  As 
soon  as  the  men  were  taken  to  a  cooler  en¬ 
vironment  and  given  rest,  they  recovered 
and  after  varying  periods  of  time  regainei 
their  sweating  ability.  The  syndrome  was 
termed  “thermogenic  anhidrosis”  by  Wolkin 
el  al.  (50),  “heat  exhaustion,  type  11”  by 
Ladell  el  al.  (4),  “tropical  anidrotic  asthe¬ 


nia”  by  Allen  and  O’Brien  (1),  and  “sweat 
retention  syndrome”  by  Sulzberger  el  al. 
(23). 

Originally  it  was  thought  that  this  syn¬ 
drome  represented  some  kind  of  exhaustion 
of  the  sweating  mechanism.  But  O’Brien’s 
(1,  10,  11,  12)  and  Sulzberger’s  (20,  25,  26, 
23,  24,  22,  3)  basic  work  soon  elucidated  the 
situation  as  resulting  from  a  closure  of  the 
sweat  pores  by  horny  plugs  which  hinder 
the  outpouring  and  evaporation  of  normally 
secreted  sweat.  This  mechanical  type  of 
closure  not  only  profoundly  disturbs  heat 
regulation  as  a  whole  but  also  can  have  a 
formidable  effect  on  the  skin  proper.  The 
retained  sweat  breaks  through  the  wall  of 
the  maximally  dilated  ducts  and,  as  a  highly 
undesirable  foreign  material,  disturbs  most 
seriously  the  normal  life-processes  of  the 
skin,  mechanically  and  chemically.  Because 
of  these  far-reaching  consequences,  the  phe¬ 
nomenon  has  drawn  the  attention  of  several 
groups  of  investigative  dermatologists  dur¬ 
ing  the  last  decade.  In  a  long  series  of  bril¬ 
liant  pieces  of  work  a  great  number  of  new 
facts  were  discovered,  the  most  important 
being  that  jilugging  of  the  sweat  jiores  is  an 
extremely  common  event,  by  no  means  re¬ 
stricted  to  tropical  environments. 

(O’Brien  (10)  has  followed  closely  the 
structural  changes  of  the  poral  closure  and 
<rives  the  following  account.  The  terminal 
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convolutions  of  the  sweat  ducts  have  walls 
composed  of  a  laminated  ringlike  or  tubelike 
condensation  of  keratin  (Fig.  1).  The  closure 
of  the  pore  occurs  by  occlusion  of  the  lumen 
of  this  ring  or  tube  by  further  accumulation 
of  horny  material  (Fig.  2).  The  prime  and 
essential  change  is  this  pathological  hyper- 
keratinization  which  closes  the  lumen.  In 
the  ne.xt  step,  due  to  pressure  by  sweat  that 
cannot  escape,  the  duct  dilates  (Figs.  2  and 
3),  and  its  wall  ruptures. ^  Sweat  escapes  into 
the  neighboring  tissue  from  the  retention 
vesicle  (Fig.  4).  In  a  third  phase  a  more 
voluminous  keratin  plug  forms  at  the  site  of 
the  vesicle.  Below  this  plug  the  duct  again 
dilates  and  ruptures  at  the  epidermal-der¬ 
mal  junction  or  below  it.  This  second  rup¬ 
ture  causes  deep  vesiculation,  which  cor¬ 
responds  to  the  “miliaria  profunda”  of 
Shelley  (18,  15,  16,  17,  14)  (Fig.  5).  The  se¬ 
cretory  part  of  the  sweat  glands,  though 
undergoing  some  dilatation,  survives  and 
obviously  functions  normally.  In  O’Brien’s 
words,  the  sweat  glands  produce  sweat  and 
get  rid  of  their  secretion,  no  matter  where 
they  have  to  push  it  (13). 

Sulzberger  and  his  group  first  demon¬ 
strated  that  complete  anidrosis  from  plug¬ 
ging  of  the  sweat  pores  may  occur  without 
any  grossly  visible  changes  (25);  that,  after 
an  extremely  variable  latency  period,  all 

1.  The  rupture  of  the  cuticle  of  the  duct,  as 
O’Brien  describes  it,  was  not  seen  by  Weidman  (29). 
VVeidman  wonders  whether  the  microscopic  vesicu¬ 
lation  around  the  sweat  duct  is  really  due  to  seepage 
of  sweat  or  whether  the  vesicle  contains  serum.  Of 
course,  minute  amounts  of  sweat  seej)ing  through 
into  the  epidermis  will  cause  irritation,  with  subse¬ 
quent  early  vascular  reaction  and  exudation  of  plas¬ 
ma.  Even  if  |)lasma  proteins  should  be  demonstrated 
in  these  vesicles,  this  would  not  rule  out  the  i)Ossi- 
bility  that  the  lesion  was  initiated  by  sweat  leakage. 


classical  clinical  and  histological  signs  of 
prickly  heat  may  develop  (20);  and  that, 
after  the  prickly  heat  rash  has  subsided, 
plugging  and  anidrosis  may  persist  for  sev¬ 
eral  weeks  (25).  In  conformity  with  O’Brien, 
Sulzberger  et  al.  histologically  demonstrated 
horny  plugs  in  the  sweat-duct  orifices,  ede¬ 
ma  around  the  ducts  in  the  epidermis  and 
upper  corium,  periductal  cellular  infiltra¬ 
tion,  and  essentially  unaltered  secretory 
acini. 

Sulzberger,  Herrmann,  and  Zak  (23)  re¬ 
ported  on  sweat  retention  in  patches  of 
atopic  dermatitis  and  seborrheic  dermatitis. 
They  brought  forward  convincing  evidence 
that  sweat  retention  can  be  a  continuous 
complicating  factor  in  these  inflammatory 
skin  diseases.  The  clinical  significance  of 
these  findings  is  obvious.  They  represent  the 
first  rational  interpretation  of  the  striking 
effects  of  change  of  environment  in  atopic 
dermatitis.  Also,  by  stating  that  sun-tan¬ 
ning  produces  a  distinct  and  rapid  beneficial 
effect  on  sweat  retention,  Sulzberger  (20) 
suj)plied  the  first  rational  partial  explana¬ 
tion  of  the  beneficial  effect  of  ultraviolet 
light  irradiations  in  these  diseases.  Sweat 
retention  from  {flugging  of  orifices  was  also 
demonstrated  in  contact  dermatitis  (8,  15), 
in  ichthyosis,  and  in  all  kinds  of  healing  in¬ 
flammatory  processes  (5).  Another  mecha¬ 
nism  of  sweat  retention,  based  on  destruc¬ 
tion  of  the  ducts,  was  studied  in  atabrine 
dermatitis  (9).  In  addition  to  the  direct 
mechanically  and  chemically  irritating  ef¬ 
fect  of  retained  sweat,  it  was  considered 
that  materials  carried  by  the  sweat  may  act 
as  antigens  causing  sensitization  when,  in¬ 
stead  of  being  i)oured  onto  the  skin  surface, 
they  seep  into  living  epidermal  cells  (23). 
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j.'jy  3  —Closed  sweat  pore  under  high  nuignilication.  Trom 
the  author  and  H.  K.  Lewis  &  Co.,  Ltd.)  XnO. 


O’Brien  (10).  (Reproduced  l)y  permission  of 
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PiG  5  —“Miliaria  profunda.”  Terminal  sweat  duct  was  destroyed  2  weeks  before  l)ioi)sy  by  diatheniiy 
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II.  THE  EFFECT  OF  INJURY 


Extensive  experimental  work  in  this  field 
was  done  by  Shelley  and  his  associates  (18, 
15,  16,  17,  14)  who  studied  the  sweat-reten¬ 
tion  syndrome  under  strictly  controlled  con¬ 
ditions.  The  main  result  of  Shelley’s  work 
has  been  the  finding  that  plugging  of  the 
orifices  can  be  produced  not  only  by  hydra¬ 
tion  (“maceration”)  of  the  horny  layer,  as  it 
occurs  in  a  hot,  humid  atmosphere  or  under 
wet  dressings  and  under  adhesive  tape,  but 
also  by  a  great  variety  of  minor  and  major 
epidermal  injuries,  such  as  galvanic  current, 
heat,  cold,  ultraviolet  light,  and  irritating 
chemicals,  such  as  aluminum  chloride,  i)he- 
nol,  and  chloroform  (15).  Thereby  it  was 
shown  that  hydration  of  the  horny  layer  is 
not  a  necessarily  decisive  factor  in  sweat  re¬ 
tention;  that  the  decisive  factor  is  an  ab¬ 
normal  poral  keratinization  with  hyi)er-  or 
parakeratotic  j)lug  formation  which  is  elic¬ 
ited  by  any  kind  of  nonspecific  ei)idermal 
injury.  That  the  basic  change  is  a  keratini¬ 
zation  anomaly  is  borne  out  by  the  fact  that 
measures  producing  desquamation  rai)idly 
restore  the  patency  of  the  jwres  (20,  15) 
The  pore-keratinization  response  shows 
great  individual  variations,  and  these  varia¬ 
tions  may  account  for  differences  in  suscejjti- 
bility  to  various  e.xogenous  and  endogenous 
skin  injuries. 

Shelley  (14),  by  grading  injuries,  pro¬ 
duced  experimentally  the  different  clinical 
manifestations  of  sweat  retention,  viz.,  mili¬ 
aria  crystallina  (formation  of  crystal-clear 
tiny  vesicles  on  top  of  the  orifices)  (Fig.  6), 
presumably  containing  pure  sweat  (18,  15); 
miliaria  rubra  (sweat-retention  vesicles  with 
clinicafiy  visible  signs  of  inflammation) 
(^^S-  0)  and  miliaria  profunda  (formation 
of  pajiules  with  deeji-seated  fluid  accumula¬ 
tion)  (rig.  8).  The  type  of  change  reflects 
the  level  at  which  retention  of  sweat  occurs. 
The  most  suiierficial  site  for  the  collection  of 
sweat  is  within  the  stratum  corneum,  and 
such  retention  ajijiears  clinically  as  miliaria 
crystallina.  At  a  lower  level  but  still  with¬ 
in  the  ejiidermal  layer,  accumulation  of 


trapped  sweat  results  in  miliaria  rubra. 
Finally,  miliaria  j)rofunda,  produced  experi¬ 
mentally  by  localized  galvanic  destruction 
of  the  straight  part  of  the  duct,  comes  about 
by  a  deep  plugging  of  the  duct.  \\  ith  sweat 
retained  at  the  level  of  the  horny  layer,  no 
inflammatory  reaction  results,  because  liv¬ 
ing  cells  are  not  damaged  by  tension  or  by 
seeping  of  sweat  into  the  neighboring  parts 
of  the  horny  layer.  \\  hen  sweat  is  retained 
in  the  living  part  of  the  epidermis,  seeping 
of  sweat  into  the  rete  causes  inflammatory 
reaction.  When  the  horny  plug  is  long  and 
the  accumulation  of  sweat  occurs  in  the 
corium,  the  inflammation  is  again  mild,  if 
there  is  any,  because  sweat  is  more  readily 
absorbed  from  the  interfibrillary  spaces  of 
the  corium  and  living  cells  are  not  invaded. 

Concerning  the  effect  of  ultraviolet  light 
on  the  patency  of  sweat  pores,  there  are 
some  conflicting  results.  These  can  be  recon¬ 
ciled  in  a  fashion  somewhat  similar  to  the 
one  Shelley  suggested  (16):  irritating  (ery¬ 
thema-producing)  doses  cause  epidermal  in¬ 
jury  promoting  plug  formation,  whereas  the 
subsequent  desquamative  period  aids  in  the 
removal  of  the  plugs.  Continuous  chronic 
exposure  to  ultraviolet  light  certainly  aids  in 
keeping  the  pores  open  (20).  Simons  (19) 
found  that  in  the  tropics  Europeans  are 
much  more  likely  to  suffer  from  prickly  heat 
than  natives  are.  This  observation  may  be 
linked  with  the  finding  that  in  dark-skinned 
people  the  thickening  of  the  horny  layer 
during  initial  exposures  to  ultraviolet  light 
is  not  regularly  demonstrable  (7).  The 
marked  plugging  action  of  erythema  doses 
of  ultraviolet  light  was  demonstrated  by 
Thomson:  the  sweating  rate  decreased  on 
the  second  to  third  day  after  exposure  by  up 
to  60  per  cent,  and  “sudamina”  (miliaria 
crystallina)  resulted  (27,  28). 

All  clinical  manifestations  of  sweat  reten¬ 
tion  occur  only  if  the  areas  with  plugged 
sweat  pores  are  subjected  to  sweat  stimuli, 
bhelley  was  able  to  prevent  comtfletely  the 
(levelopmenl  of  lesions  in  his  artihcially 


Fig.  6. — Sweat-retention  vesicles.  Postiontojihoretic  area  of  anidrosis.  Subject  had  been  treated  5  days  jire- 
viously  with  an  iontophoretic  current  density  of  1  MA/cm^  for  10  minutes,  using  distilled  water  under  the  anode. 
Prior  to  photography  and  spraying  with  quinizarin,  the  subject  had  been  in  the  heat  cabinet  for  30  minutes.  Dark 
spots  are  freckles.  From  Shelley  el  al.  (18).  (Reproduced  by  permission  of  the  Williams  &  Wilkins  Company.) 
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produced  anidrotic  areas  by  atropinization 
and  to  {)roduce  them  by  a[)i)lying  sweat 
stimuli.  He  stated  (16)  that  there  are  three 
separate  factors  in  the  development  of  mili¬ 
aria:  (1)  nonsi)ecilic  epidermal  injury,  caus¬ 
ing  plugging;  (2)  intensive  sweating  for  sev¬ 
eral  hours;  and  (d)  individual  suscei)tibility. 
Also  it  wasjiointed  out  that  many  cutaneous 


by  W.  C.  Lobitz,  Jr.  (5).  It  occurs  as  a  com¬ 
plication  in  the  healing  of  skin  diseases.  It  is 
not  an  infection  of  the  skin,  even  though  the 
lesions  are  similar  to  infectious  periporitis. 
The  lesions  disaj)j)ear  spontaneously  if 
sweating  is  {)revented. 

O’Brien  (10)  has  observed  that  |)o re¬ 
plugging  can  be  released  by  a[)j)lication  of 


distilled  water  iiKl  a  current  arthe  anode^ofS'^rll  Wen days  previously  with  iontojihoresis,  using 

ing  in  the  heat  96° /7  unT'"  !,  for  2  minutes.  Picture  taken  after  3  hours  of  sweat 

areolae.  This  tyjie  of  miliaria  is  less  common  clhiicahrihanT  theT-'^^^^  associated  erythematous 

erythematous  macules  associated  with  small  nanules  From  li  >6^^  consisting  of  discrete  to  contluent 
mission  of  the  Williams  &  Wilkins  Com^  )  ^  Per- 


reactions  which  were  thought  to  be  due  to 
primary  contact  irritation,  such  as  adhesive- 
tape  reactions,  diajier  rashes,  and  reactions 
to  antiperspirants,  are,  in  most  cases,  mani- 

festations  of  the  sweat-retention  syndrome 
(16). 

A  siieaal  form  of  sweat  retention  i)us- 
tular  miharia— was  described  and  analyzed 


anhydrous  lanolin  and  to  a  lesser  degree  also 
by  other,  less  hydrophilic,  fatty  substances. 
Tiginally,  this  phenomenon  led  O’Brien  to 
eheve  that  plugging  might  be  caused  by 
ipid  depletion  of  the  horny  layer  and  that 
bpids  have  a  vitally  important  role  in  nor- 
mal  keratinization.  However,  Shelley  e/  at. 
(1^  16)  found  that  the  action  of  lipid  sol- 
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vents  in  promoting  the  plugging  phenome¬ 
non  was  dependent  on  their  capacity  for 
causing  epidermal  injury.  Chloroform,  being 
most  irritating,  caused  plugging;  but  ben¬ 
zene,  ether,  xylol,  and  carbon  tetrachloride 
had  no  effect.  Thus  it  appeared  that  the  in¬ 
jury  caused  by  the  solvents  rather  than  the 


lij)id  depletion  of  the  stratum  corneum  is 
only  an  auxiliary  factor  in  {wral  closure. 
Sulzberger  et  at.  (21)  believe  that  the  wa.xy 
surface  film  of  the  skin  helps  to  keep  the 
pores  open  by  its  hydrojihilic  projierties  but 
that  lipid  depletion  is  probably  only  one  of 
many  factors  promoting  closure. 


Frr  8  —Sweat-retention  “papules.”  Rectangular  site  of  induced  sweat  retention  on  forearm  of  subject 

/«./..■  cnta.  vHh  the  seUie.  at  .  ; 

Com[)any.) 


removal  of  lipids  was  etiologically  resixmsi- 
ble  for  plugging.  Shelley  (15)  was  able  to 
counteract  the  effect  of  chloroform  by  the 
addition  of  lanolin;  but  again  the  decreased 
plugging  action  jiaralleled  a  decreased  ir- 

litaUn^c.ion  (15).  Recently,  ()’Brien  (  2 

obtained  similar  results  and  concluded  that 


In  sjiite  of  so  many  points  having  been 
clarified  in  the  held  of  sweat  retention,  the 
basic  problem  the  mechanism  of  how  and 
why  a  horny  plug  occludes  the  jiore  has 
remained  unsolved,  d'he  original  assumiition 
was  that  in  a  hot,  humid  atmosiihere  the 
horny  layer  hydrates,  its  volume  increases. 
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and  the  {)oral  closure  results  from  this  swell¬ 
ing  (25).  Shelley’s  experiments  demon¬ 
strated  that  such  swelling  is  not  necessary 
for  the  develoi)ment  of  poral  closure.  Fur¬ 
thermore,  all  authors  agree  that  an  active 
hyperkeratinization  process  on  the  j)ore  and 
below  is  involved;  it  is  not  a  swollen  lamella 
of  the  horny  layer  which  occludes  the  pore 
but  a  newly  formed  horny  plug. 

On  the  basis  of  all  known  facts,  I  believe 
that  the  most  probable  assumption  is  this: 
hyperkeratinization  is  the  most  common 
and  most  general  reaction  to  any  kind  of 
moderate  epidermal  injury  (j).  378).  It  ap¬ 
pears  that  the  keratinizing  epithelium  of  the 
sweat-duct  opening  reacts  more  promj)tly  to 
some  epidermal  injuries  than  does  the  ker¬ 
atinizing  epithelium  of  follicular  openings  or 
that  of  the  epidermis.  Imbibition  of  sweat  in 
hot,  humid  atmospheres  seems  to  promote 
primary  hyperkeratinization  of  the  pore 
epithelium,  because  these  cells  are  irritated 
the  most.  Probably,  however,  this  is  only  a 
quantitative  difference.  Ultraviolet  light. 


for  instance,  causes  not  only  poral  closure 
but  also  hyperkeratosis  of  the  ej)idermis 
(6,  7).  Under  other  circumstances — for  in¬ 
stance,  in  vitamin  A  deficiency — the  kera¬ 
tinizing  cells  of  the  follicular  pore  react 
first;  but  again  there  is  an  additional  hyper- 
keratotic  reaction  of  the  epidermis  as  a 
whole  (p.  382).  Thus  ])oral  closure  becomes 
a  special  case  of  “superkeratinization  reac¬ 
tions”  (p.  378). 

In  this  interpretation  it  becomes  un¬ 
necessary  to  search  for  a  “specific  etiologic 
factor”  of  poral  closure.  O’Brien  (12)  has 
championed  the  idea  that  staphylococcal 
infection  of  the  sweat  pores  is  an  important 
causative  agent  in  the  development  of  poral 
closure  and  miliaria  rubra  and  has  brought 
forward  supporting  evidence  for  this  view. 
However,  the  comments  on  this  work  by 
Sulzberger  and  Herrmann  (21),  as  well  as 
the  work  of  Shelley  (18,  15,  16,  17,  14), 
clearly  indicate  that  if  infection  ever  plays  a 
primary  role,  it  represents  only  a  special 
case  in  the  mechanism  of  poral  closure. 


III.  REPERCUSSIONS  ON  THERI\IOREGUL.\TION 


O’Brien  (11)  dealt  in  detail  with  the  influ¬ 
ence  of  sweat  retention  on  heat  regulation. 
He,  like  others,  found  only  moderate  hyper¬ 
thermia,  in  spite  of  widespread  anidrosis 
over  trunk  and  limbs.  The  reason  the  body 
temperature  does  not  rise  to  high  fever  lev¬ 
els  is  probably  because  the  head  and  neck 
always  perspire  freely.  Possibly  there  is  even 
a  compensatory  hyperidrosis  of  these  parts. 
Still,  there  is  sufficient  disturbance  of  the 
evaporative  heat  loss  to  cause  a  temperature 
elevation  of  2°  F.  by  exercise.  Exercise  also 
leads  to  considerable  hyperpnea.  O’Brien 
(11)  believes  that  this  “panting”  is  not  a 
compensatory  effort  to  increase  evajiorative 
heat  loss  through  the  respiratory  passages. 
He  was  unable  to  demonstrate  pronounced 
^kalosis  with  subsequent  clinical  tetany. 
Tetanic  signs,  however,  were  recorded  by 
Eadell  (4),  and  a  tendency  to  alkalosis  dur¬ 
ing  exercise  was  demonstrated  by  O’Brien 
himself.  Sulzberger  (25)  found  that  panting 
in  this  state  does  lead  to  considerable  alka¬ 


losis  and  that  the  disease  S3'mptoms  are  due 
to  the  shift  in  acid-base  balance.  O’Brien 
(11)  emphasizes  that  this  has  never  been 
clearly  proved  by  blood  analyses.  In  any 
case,  it  is  probable  that  panting  occurs  be¬ 
cause  raised  blood  temperature  and  accumu¬ 
lation  of  carbon  dioxide  stimulate  the  re¬ 
spiratory  center.  Ladell  (4)  found  that  in 
some  of  his  patients  there  was  a  possible 
functional  element  in  the  hyperventilation. 

There  is  no  dehydration  and  no  true  de¬ 
ficiency  of  sodium  chloride  in  the  sweat-re¬ 
tention  syndrome.  Ladell  (4)  found  an  un¬ 
usually  high  sodium  chloride  concentration, 
i.e.,  0.53  per  cent,  in  the  sweat  of  his  pa¬ 
tients;  and  his  interpretation  was  that  the 
glands,  because  of  fatigue,  were  unable  to 
maintain  the  usual  great  osmotic  difference 
between  blood  and  sweat.  O’Brien  postu- 
■ated  that  the  high  salt  concentration  is 
due  to  compensatory  hyperactivity  of  the 
healthy  unobstructed  glands.  O’Brien  denies 
any  fat.gue  of  the  glamls  on  the  basis  that 
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cessation  of  sweating  is  not  preceded  by 
profuse  general  hyperidrosis. 

O’Brien  (11)  relates  the  disease  symp¬ 
toms  to  a  temporary  peripheral  circulatory 
failure:  the  effective  blood  volume  is  dimin¬ 
ished  by  excessive  dilatation  of  the  periph¬ 
eral  vessels  and  cannot  meet  the  needs  of 
muscles  and  other  internal  organs  during 
exercise.  He  is  also  inclined  to  believe  that 
retained  and  reabsorbed  sweat  exerts  some 
toxic  influence. 

O’Brien  (11)  proposed  that  if  there  is  de¬ 
creasing  sweating  ability  with  the  advance 
of  the  hot  summer  season,  this  might  be 
caused  by  a  progressive  plugging  of  the  sweat 
pores.  However,  such  “acclimatization”  dur¬ 
ing  summer  probably  is  an  exceptional  event, 
the  opposite  being  the  rule  (see  pp.  164  and 
265).  On  the  other  hand,  O’Brien  empha¬ 
sizes  that  in  acute  heat-exposure  experi¬ 


ments,  there  is  no  obstruction  of  pores  and 
that  diminution  of  sweating,  as  demonstrat¬ 
ed  by  (Jerking  and  Robinson  (2),  is  a  true 
fatigue  phenomenon. 

According  to  O’Brien  (11),  there  are 
three  main  forms  of  heat  exhaustion:  (1) 
heat  hyperpyrexia  or  heat  stroke,  in  which 
there  is  an  intrinsic  failure  or  paralysis  of  the 
thermoregulatory  centers  because  of  over- 
stimulation;  (2)  the  classic  heat-exhaustion 
type  I  of  Ladell,  in  which  the  essential  cause 
of  the  disturbance  is  loss  of  water  and  salt; 
and  (3)  the  sweat-retention  syndrome,  or 
type  H  exhaustion  of  Ladell.  The  analysis 
by  O’Brien  of  cases  observed  in  dry  desert 
climates  leads  him  to  the  conclusion  that  in 
such  climates  a  combination  of  these  forms 
is  the  rule,  whereas  in  hot,  humid  climates 
the  pure  sweat-retention  syndrome  is  preva¬ 
lent. 
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I.  PHYLOGENETIC  CONSIDERATIONS 


Fishes  and  amphibians  have  no  cutaneous 
glands  which  could  be  regarded  as  fore¬ 
runners  of  sebaceous  glands  (5).  However, 
the  mucinous  glands  of  some  slimy  fishes 
(Myxinidae)  and  the  poison  glands  of  fishes 
and  amphibians  have  been  compared  with 
sebaceous  glands  as  being  primary  examples 
of  the  development  of  holocrine  (“polyp- 
tych”)  glands  from  the  epidermis  (69), 
i.e.,  they  are  multilayered  glands,  the  se¬ 
cretion”  process  of  which  involves  total 
disintegration  of  their  cells,  hrom  the  func¬ 
tional  point  of  view  they  remind  one  of 
sebaceous  glands  because  their  excretion 
firoducts  lubricate  the  surface  and  protect 
against  the  colonization  of  plant  and  animal 
parasites.  Also  some  of  these  glands  are 
under  the  influence  of  sex  hormones;  their 
volume  increases  considerably  during  peri¬ 
ods  of  sexual  activity  (5).  Physically  and 
chemically,  most  of  these  excretion  imiducts 
behave  like  mucins,  although  they  do  not 
contain  a  carbohydrate  groifi^  (5).  They  are 
highly  viscous  and  can  be  precipitated  by 
weak  acids.  Some  of  them,  however,  contain 
considerable  amounts  of  lipid  substances. 


For  instance,  25  per  cent  of  the  dry  material 
of  the  cutaneous  slime  of  the  eel  is  made  up 
of  cholesterol  and  phosphatides  (51).  Yet,  on 
the  whole,  all  these  glands  are  more  similar 
to  mucous  glands  than  to  sebaceous  glands. 

Some  cutaneous  glands  of  reptiles,  how¬ 
ever,  are  considered  to  be  phylogenetic  an¬ 
cestors  of  mammalian  sebaceous  glands, 
such  as  the  femoral  glands  of  lizards,  the 
cloacal  glands  of  crocodiles,  and  the  anal 
glands  of  turtles  and  giant  serpents  (69).  All 
these  organs  are  sacklike  indentations  of  the 
epidermis,  the  cells  of  which  undergo  fatty 
decomposition  before  they  are  cast  off. 

In  the  mandibular  and  cloacal  glands  of 
alligators,  keratinization  and  fatty  decom¬ 
position  coincide  conspicuously  (58).  While 
the  perifihery  of  the  cell  keratinizes,  its 
center  undergoes  fatty  decomjiosition.  In 
the  end  the  cells  disintegrate  like  sebaceous- 
gland  cells.  Thus  they  can  be  regarded  as 
transitional  forms  between  undifferentiatec 
eiiidermal  cells  which  are  destined  to  kera¬ 
tinize  and  cells  which  are  differentiated  into 
gland  cells,  the  final  fate  of  which  is  fatty 
decomposition.  If  one  remembers  that,  m 
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mammals,  vernix  caseosa  and  smegma  are, 
in  the  main,  not  of  glandular  origin  but  are 
directly  fatty  decomposition  products  of 
epidermal  cells,  one  may  speculate  that  all 
epidermal  cells  have  the  potentiality  of 
fatty  decomposition.  Indeed,  the  sei)aration 
of  lipid  material  as  it  occurs  all  over  the  skin 
surface  of  mammals  during  keratinization 
(see  JJ.  374)  is  an  indication  of  this  po¬ 
tentiality. 

The  preen  gland  (glandula  uropygialis) — 
the  only  cutaneous  gland  of  birds — is  a 
bilobular  sebaceous  gland.  It  is  situated  in 
the  coccygeal  region  at  the  base  of  the  tail. 
Its  fatty  product  is  taken  up  by  the  beak 
and  smeared  over  the  feathers.  It  is  best  de- 
\^eloj)ed  in  water  birds,  in  which  the  oiling  of 
feathers  is  most  needed  for  j)rotection 
against  the  macerating  effect  of  water.  Hou 
(31)  found  that  after  extirpation  of  the 
preen  gland  in  ducks  and  other  birds  the 
plumage  became  discolored,  looked  dull  and 
soiled,  and  lost  its  smooth  contours.  Also 
there  was  increased  shedding  of  feathers. 
Oil  droplets,  normally  present  in  great  num¬ 
bers  between  the  barbs,  barbules,  and  barbi- 
cels,  disappeared  after  the  operation.  If  the 
birds  were  forced  to  swim  in  cold  water, 
there  was  a  greater  fall  and  slower  recovery 
in  body  temperature  than  in  normal  con¬ 
trols.  I  hus  it  was  j)roved  that  sebaceous- 
gland  function  is  essential  for  protection 
against  heat  loss  in  these  animals. 

In  addition,  Hou  (32,  33)  found  that 
operated  birds  suffered  a  progressive  imj)air- 
ment  of  general  health  and  eventually  died, 


displaying  signs  suggestive  of  rickets.  It 
could  be  shown  that  these  signs  actually 
were  caused  by  vitamin  D  deficiency.  Physi¬ 
ologically,  vitamin  D  is  formed  in  the  plum¬ 
age  of  normal  birds  by  the  ultraviolet  radia¬ 
tion  of  the  vitamin  precursor,  which  origi¬ 
nates  in  the  preen  glands  and  therefore  is 
lacking  in  the  plumage  of  operated  birds. 
That  the  precursor  is  present  in  preen  oil 
was  shown  by  feeding  irradiated  preen  oil  to 
operated  birds  and  thereby  preventing  rick¬ 
ets.  Dietary  rickets  could  be  cured  by  ultra¬ 
violet  irradiation  of  birds  with  intact  jireen 
glands  but  not  if  the  preen  gland  was  re¬ 
moved. 

An  accidental  observation  of  Hou  (32) 
threw  light  on  the  failure  of  previous  work¬ 
ers  to  demonstrate  the  physiological  sig¬ 
nificance  of  the  preen  gland  in  water  birds. 
A  French  author,  who  had  negative  results 
with  operated  animals,  kept  operated  and 
control  birds  in  common  cages.  When  Hou 
did  the  same  thing,  he  noticed  that  the 
operated  animals  instinctively  tried  to 
“steal”  some  sebum  from  their  fellow-birds 
by  picking  at  their  glandular  orifices  with 
their  beaks.  The  French  author  himself 
noticed  that  the  control  birds  behaved  in  a 
“hostile  manner”  toward  the  operated  ones 
but  could  not  explain  this  behavior. 

In  mammals,  according  to  Schaffer  (69), 
the  sebaceous  glands,  like  the  apocrine  coil 
glands,  excrete  species-  and  sex-si)ecific 
odorous  substances  which  i)lay  a  role  in 
sexual  attraction  and  help  in  the  recognition 
of  the  same  and  foreign  species. 


II.  STRUCTURE 


In  man  most  sebaceous  glands  develop 
from  the  follicular  epithelium  of  the  hair 
(Fig.  1).  The  earliest  anlage  consists  of  a 
spherical  bud  comi)osed  of  cells  of  the  ex¬ 
ternal  root  sheath.  This  bud  develoi)s  into  a 
multilobulated  gland  surrounding  one-half 
to  two-thirds  of  the  circumference  of  the 
hair  follicle  (Kig.  2).  A  short  <luct  connects 
the  lobules  with  the  follicular  canal. 

On  microscoi)ic  cross-sections,  a  basement 
membrane  is  seen  surrounding  the  lobules. 


The  outermost  cell  layer  or  basal  layer  con¬ 
sists  of  flat  epithelial  cells.  In  the  second 
layer  inward,  the  cells  are  larger  and  show 
large  fat  drojflets  within  their  cytoplasm 
(Fig.  3).’  In  subsequent  generations  the  ac¬ 
cumulation  of  fat  progresses,  and  the  cyto- 


■  d.  '"rmauon  ot  lat  clroi)lels  was  also  ob- 
served  in  the  basal  cells.  If  in  this  wav  the  whole 
lobule  disintegrates,  regeneration  occurs  from  the 

Sm49)  ^ 
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Fig.  1. — Development  of  the  sebaceous  gland  from  the  follicular  epithelium  of  the  hair.  From  Pinkus  (59). 
(Reproduced  by  permission  of  Springer-Verlag.) 


Pjq  2. _ Plastic  reconstruction  of  a  sebaceous  gland.  I  rom 

Springer-Verlag.) 


Pinkus  (59).  (Reproduced  by  permission  of 
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plasm  becomes  reduced  to  a  reticular  mesh- 
work.  As  contrasted  with  fat  formation  in 
the  subcutaneous  tissue,  the  fat  droj)lets  re¬ 
main  separated  from  one  another  through 
several  cell  generations,  finally,  the  cell 
membrane  and  the  protoplasmic  meshwork 
break  down,  and  an  amorphous  fatty  mass 
results,  which  diffuses  into  the  follicular 
canal.  From  there  it  diffuses  upward,  im- 


fat  formation  in  sebaceous  glands  is  a  physi¬ 
ological  function,  while  the  term  “degenera¬ 
tion”  implies  a  pathological  event.  Still  it 
can  hardly  be  denied  that  the  physiological 
disintegration  of  sebaceous-gland  cells  close¬ 
ly  simulates  pathological  fatty  degenera¬ 
tion.  Certainly,  for  the  designation  of  the 
process  involved,  the  word  “excretion”  is 
better  than  “secretion.” 


tiG.  3.— Section  through  a  normal  sebaceous  gland.  SC  are  sebaceous 
connective-tissue  cells  as  a  pseudo-membrane  upon  which  the  basal  cells 
pathology  of  the  skin  (St.  Louis:  C.  V.  Mosby  Co.,  1931).  (Reproduced 


pregnates  the  hair  and  the  horny  layer,  and 
takes  part  in  forming  the  greasy  fflm  of  the 
surface.  What  is  seen  under  the  microscope 
corresponds  to  an  unparalleled  biochemical 
process  of  an  extremely  rapid  transforma¬ 
tion  of  the  basal  cell  protoplasm  into  a  mix¬ 
ture  of  lipids  with  an  amazing  multitude  of 
highly  specific  compounds  (chap.  13).  In  the 
past  there  has  been  much  discussion  as  to 
whether  the  fate  of  sebaceous-gland  cells  can 
be  designated  as  fatty  degeneration  (or  as 
the  “fatty  metamorphosis”  of  Virchow) 
The  objection  to  such  terminology  was  that 


cells;  BC  are  basal  cells;  CT  are 
rest.  From  Lee  IVIcCarthy,  Hislo- 
by  permission  of  Dr.  McCarthy.) 

In  man  sebaceous  glands  occur  every¬ 
where  where  hair  follicles  are  present,  i.e.,  all 
over  the  skin  surface  except  soles,  plantar 
surfaces  and  interspaces  of  toes,  side  sur¬ 
faces  of  feet  halfway  uj)  to  the  ankles,  palms, 
palmar  surfaces  of  fingers,  and  the  palmar 
half  of  the  interspaces  of  fingers.  The  size 
and  shape  of  sebaceous  glands  differ  con¬ 
siderably  in  different  regions.  They  are  larg¬ 
est  in  the  skin  of  the  forehead,  face,  neck 
and  upjier  chest  and  are  relatively  small  on 
the  remaining  parts  of  the  trunk  and  on  the 
extremities.  On  the  hairy  scalp  they  are 
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fairly  well  developed  but  form  rather  elon¬ 
gated  alveoli,  as  contrasted  with  their 
rounded  shape  elsewhere.  The  number  and 
size  of  sebaceous  glands  in  different  regions 
at  different  ages  were  studied  by  Okajima 
and  his  associates  in  great  detail  (55). 

In  addition  to  sebaceous  glands  which  are 
attached  to  hair  follicles,  there  are  so-called 
“free”  sebaceous  glands  which  occur  inde¬ 
pendently  of  hair  follicles.  They  can  be 
found  mainly  in  regions  transitional  be¬ 
tween  the  skin  and  mucous  membranes. 
Some  of  these  free  glands  are  present  in 
every  person,  such  as  the  Meibomian  glands 
of  the  eyelids.  Frequently,  but  not  in  every 
person,  sebaceous  glands  occur  on  the  ver¬ 
milion  border  of  the  upper  lip,  buccal  mu¬ 
cous  membranes  (in  linear  shape  across  the 
dental  closure,  so-called  Fordyce  “disease”), 
prepuce,  glans,  labia  minora,  anus  (at  the 
transition  from  the  cutaneous  to  the  colum¬ 
nar  part),  nipple,  and  areola.  Some  of  these 
glands  open  with  a  patent  duct  to  the  sur¬ 
face;  others  are  inclosed  under  the  surface, 
and,  if  they  produce  sebum  at  all,  it  never 
reaches  the  surface  but  becomes  absorbed. 
They  can  be  single  or  multiple,  and  in  the 
latter  case  they  are  reminiscent  of  seba¬ 
ceous-gland  organs  of  lower  forms. 

According  to  Schaffer  (69),  there  are 

III.  MECHANISM 

The  most  consjjicuous  and  probably 
unique  feature  of  sebaceous-gland  excretion 
in  man  is  that  if  one  starts  out  with  a  thor¬ 
oughly  defatted  surface,  fat  excretion  sets  in 
at  a  rapid  rate  but  that  this  rate  gradually 
declines,  and  further  expulsion  of  fat  finally 
stops  or  falls  to  a  minimum  rate  when  the 
fat  layer  has  reached  a  certain  thickness. 
The  rapid  excretion  is  resumed  when  the  fat 

layer  is  removed  again. 

This  phenomenon  was  first  observed  by 
Schur  and  Goldfarb  (71)  in  1927.  Soon  after 
their  publication  the  significance  of  these 
findings  was  emphasized,  and  I  pointed  out 
that  in  collecting  data  it  would  be  necessary 
in  the  future  to  differentiate  the  rate  of  ex¬ 
cretion,  as  measured  in  short  time  intervals 


primary  and  secondary  free  sebaceous 
glands,  viz.,  (1)  ontogenetically  deriving 
directly  from  the  epidermis  or  transitional 
mucous  membranes  and  (2)  becoming  free 
because  of  secondary  atrojihy  of  the  hair  fol¬ 
licle  (as  is  the  case  in  early  male  baldness)  or 
“free”  because  of  excessive  development  of 
the  sebaceous  glands  and  rudimentary  de¬ 
velopment  of  hair  follicle  from  the  begin¬ 
ning. 

The  external  ear  canal  has  two  kinds  of 
cutaneous  glands — true  sebaceous  glands 
and  large  alveolar  apocrine  “ceruminous” 
glands  (50).  Thus  cerumen  is  a  mixed  prod¬ 
uct  of  these  two  glands. 

Smegma,  no  matter  whether  sebaceous 
glands  are  present  in  the  prepuce  or  not,  is 
not  a  glandular  product  but  is  formed  by 
fatty  metamorphosis  of  the  epithelial  cells  of 
the  surface. 

While  some  authors  regard  the  hair  fol¬ 
licle  as  the  phylogenetically  older  system 
(59),  others  (69)  insist  that  sebaceous  glands 
are  the  primordial  cutaneous  appendages. 

Changes  in  the  proliferation  of  sebaceous- 
gland  cells  are  correlated  to  the  hair  cycle 
(56).  Parnell  (56)  found  cyclic  changes  also 
in  the  dermis  and  considered  all  these 
changes  as  components  of  an  aggregate  skin 
cycle  (p.  612). 

OF  EXCRETION 

after  defatting,  from  the  measurement  of 
the  saturation  level,  which  represents  the 
maximum  amount  of  fat  that  can  accumu¬ 
late  on  the  surface  (68).  Nevertheless,  for 
more  than  eight  years  not  much  attention 
was  paid  to  this  phenomenon,  and  no  further 
work  was  done  on  it.  In  1936  and  1938 
Emanuel  (19,  20)  and  Serrati  (73)  inde¬ 
pendently  re-examined  the  phenomenon  of 
decreasing  excretion  rate  and  standstill  and 
found  it  essentially  confirmed.  But,  while 
Schur  and  Goldfarb  noted  stoppage  of  excre¬ 
tion  as  early  as  15  minutes  after  fat  removal, 
the  data  of  Emanuel  and  of  Serrati  indicated 
that  the  excretion  ceases  completely  on  y 
after  several  hours.  The  time  required  for 
restoration  of  the  original  level  was  found  to 
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be  longer  than  3  hours  l)y  Emanuel  (20),  3-4 
hours  by  Zehender  and  Diinner  (85),  and 
within  3  hours  by  Pritchard  et  al.  (61).  If 
one  follows  the  excretion  curve  over  differ¬ 
ent  periods  of  time  up  to  several  weeks  (20), 
starting  each  period  with  removal  of  the 
surface  fat  layer,  one  finds  an  abrupt  rise  in 
the  amount  of  fat  excreted  for  2  or  3  hours. 
This,  however,  is  followed  by  a  flattening 
and  leveling-off  of  the  curve  (Fig.  4). 

W'hen  the  fatty  film  is  removed  from  the 
skin  surface  in  subsequent  short  periods  of 
time,  the  sum  of  these  fat  portions  is  always 
much  larger  than  it  is  when,  for  an  identical 
total  period,  the  accumulating  lipids  are  left 
untouched  on  the  skin  surface  (48,  15,  28). 
This  difference  led  Miescher  and  Schdnberg 
(48)  to  distinguish  two  quantities — the 
“saturation  level,”  representing  the  maxi¬ 
mum  amount  of  lipids  which  accumulates 
when  the  layer  is  left  alone,  and  the  “pro¬ 
duction  capacity,”  the  amount  of  lipids  ex¬ 
pelled  to  the  surface  per  unit  time  and  unit 
surface  within  the  period  when  a  leveling-off 
has  not  yet  taken  place.  Recently,  the  latter 
quantity  was  called  “replacement  sum” 
(28).  Probably  the  best  term  for  it  is  “excre¬ 
tion  rate.”  Lately  it  has  been  expressed  in 
micrograms  per  square  centimeter  per  min¬ 
ute  (38). 

Herrmann  and  Prose  (28)  pointed  out 
that  two  saturation  levels  can  be  distin¬ 
guished:  one  which  is  obtained  when  the 
surface  is  completely  protected  from  acci¬ 
dental  removal  of  fat  (total  or  true  satura¬ 
tion  level)  and  a  “casual  level,”  which  is  ob¬ 
tained  u  hen  the  test  site  is  not  {)rotected 
against  accidental  touching,  wiping,  or  con¬ 
tact  with  clothing  and  bedding.  The  true 
saturation  level  is  about  twice  as  large  as  the 
casual  level  (for  instance,  an  average  of  3.38 
mg.  versus  1.77  mg.  j^er  square  centimeter 
on  the  forehead  in  Pferrmann  and  Prose’s 
experiments)  (28).  Information  on  the  cas¬ 
ual  level  is  im{)ortant  because  it  reflects  the 
situation  under  conditions  of  everyday  life. 
•Actually,  a  great  number  of  investigators 
measured  the  casual  level,  even  if  they  ad¬ 
vised  the  experimental  subjects  to  refrain 
from  touching  the  exi)erim,ental  areas.  On 


the  forehead,  for  instance,  it  is  impossible  to 
avoid  contact  with  the  bedding  at  night.  At 
saturation  levels,  simple  wipings  do  not  re¬ 
move  all  the  surface  fat.  Such  removal  re¬ 
quires  repeated  washings  (38).  Correspond¬ 
ingly,  the  concept  of  a  “retained  level”  was 
introduced,  i.e.,  the  level  remaining  after  a 
standardized  type  of  wiping  (28). 

In  all  these  experiments  the  total  amount 
of  skin  surface  fats  was  measured,  and  it 
must  be  kept  in  mind  that  this  fat  has  at 
least  two  different  sources,  viz.,  sebaceous 
glands  and  keratinizing  cells  (p.  374).  How¬ 
ever,  the  contribution  of  epidermal  lipids  is 
relatively  small  (28),  and  there  is  good  rea¬ 
son  to  believe  that  the  saturation  pattern 


Fig.  4.  Range  of  saturation  level  in  the  same 
subject.  From  Diinner  (15).  (Reproduced  by  per¬ 
mission  of  S.  Karger.) 


just  described  is  primarily  a  peculiarity  of 
sebum  excretion  (p.  310). 

Emanuel  (19,  20)  interpreted  the  satura¬ 
tion  pattern  as  being  the  result  of  two  oppo¬ 
site  forces.  One  force  is  the  “glandular 
pressure,”  which  is  counteracted  by  a 
counterjiressure  rejiresented  by  the  viscous 
surface  layer  of  the  excreted  sebum.  The 
counterpressure  will  overcome  the  glandular 
pressure  after  a  certain  thickness  of  lipids 
has  been  dejiosited  on  the  surface,  and  then 
further  expulsion  of  sebum  will  stop.  The 
thickness  of  the  layer  at  which  standstill  oc¬ 
curs  depends  on  the  viscosity  of  the  sebum. 
More  VISCOUS  sebum  stops  further  expulsion 
earlier  than  does  a  more  fluid  one,  because 
more  viscous  sebum  exerts  greater  counter¬ 
pressure.  After  saturation  has  been  reached 
sebum  will  still  accumulate  in  the  duct  but 
will  be  evacuated  only  if  the  surface  layer  is 
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removed.  Evacuation  from  the  duct  gives 
the  impulse  to  the  glandular  cells  to  resume 
their  activities. 

Emanuel  (19,  20)  contended  that  the 
glandular  pressure  of  a  single  gland  is  pro¬ 
portional  to  the  number  of  cells  making  uj) 
the  glands,  or,  in  other  words,  to  the  size  of 
the  gland.  “Sebum  is  e.xcreted  alone  through 
the  force  derived  from  the  proliferation  of 
the  gland.”  This  contention  has  received 
brilliant  confirmation  by  the  work  of  Mie- 


T.VBLE  1* 


Rf.l.\tions  between  “Production  C.xpacity” 
(12  Subsequent  2-Hour  Experiments),  Se¬ 
bum  Level  (24-Hour  Experiment),  and 
Total  Glandular  Surface  (48) 


S.  M.,  normal  person. 
P.  M.,  normal  person 


Schmid,  seborrhea. 


12X2-IIr. 
E.xperiment 
(Amount  of 
Sebum/ 
Glandular 
Surface) 


17.8 

29 

14.7 

^"-^=1  4 
77.1 


Maurer,  postencephalitic  seborrhea  q=E67 

84 

\'ogel,  postencephalitic  seliorrhea  .  ^9=  ^ 

100  _ 

Wild,  postencephalitic  seborrhea  . .  -1.48 


*  Amount  of  sebum  e.xpressed  in  milligrams:  surface  area  ex¬ 
pressed  in  arbitrary  units. 


scher  and  Schonberg  (48).  These  authors 
measured  saturation  levels  and  excretion 
rates.  Subsequently,  they  biopsied  the  areas 
on  which  these  estimations  were  made  and 
measured  planimetrically  the  area  of  glandu¬ 
lar  surface  relative  to  the  area  of  the  whole 
microscopic  section.  They  found  that  the 
secretion  rate  was  directly  proportional  to 
the  relative  size  of  the  glandular  surface. 
The  secretion  rate  (expressed  in  milligrams 
of  fat)  divided  by  the  area  taken  in  by  seba¬ 
ceous  glands  (expressed  in  arbitr.yy  units) 
yielded  a  fairly  constant  quotient  (see  I  able 

1). 


Idle  most  remarkable  feature  in  this  work 
was  that  the  quotient  was  about  the  same 
not  only  under  physiological  conditions  but 
also  in  extreme  cases  of  pathologically  in¬ 
creased  flow  of  sebum,  namely,  in  juvenile 
and  in  postencephalitic  seborrhea.  These  re¬ 
sults  indicated  that  if  there  is  an  increased 
flow  of  sebum,  it  is  not  caused  by  increased 
excitation  and  increased  function  of  the 
glands,  as  it  would  be  in  any  other  gland  of 
the  body,  but  merely  by  an  increase  in 
glandular  size.  How  much  sebum  a  gland 
produces  depends  on  the  mitotic  activity  of 
its  basal  cells.^  If  this  is  greater  than  normal, 
more  cells  and  more  sebum  are  produced. 

The  excessive  flow  of  sebum  in  Parkinson¬ 
ism  was  previously  interpreted  as  a  direct 
consequence  of  brain  damage  in  which  an 
inhibitory  nervous  center  of  sebaceous-gland 
function  had  been  destroyed  so  that  the 
flow  became  uninhibited  (p.  304).  Miescher 
and  Schonberg  came  to  the  conclusion  that 
if  there  is  any  central  nervous  influence  at 
all  on  sebaceous  glands,  it  must  be  not  an 
inhibition  of  excretion  but  an  inhibition 
of  pathological  overgrowth  of  sebaceous 
glands.  The  skin  in  juvenile  and  in  posten¬ 
cephalitic  seborrhea  differs  from  normal 
skin  by  an  immense  hyperplasia  of  its  seba¬ 
ceous  glands,  the  degree  of  which  directly 
accounts  for  the  degree  of  increased  flow. 

It  was  noted  a  long  time  ago  that  seba¬ 
ceous-gland  function  depends  greatly  upon 
the  atmos})heric  temperature  (68).  Since  the 
work  of  Emanuel,  it  has  become  clear  that 
one  important  mechanism  whereby  tem- 
jierature  determines  the  final  sebum  level  at 
which  standstill  occurs  is  the  change  in 
viscosity  of  the  sebum.  The  “melting  point’ 
of  sebum  is  around  30°  C.,  which  is  close 
to  the  temjierature  of  the  skin  surface  (p. 
258).  At  high  temperatures  sebum  is  liquid; 
at  moderate  temperatures,  semiliquid;  and 


2  Both  Dr.  Bullough  and  Dr.  Ebling  believe,  on 
le  basis  of  recent  evidence,  that  the  mitotic  ac- 
vity  and  potentiality  of  cells  to  form  sebum  are 
idependent  phenomena  and  can  be  separated  ex- 
erimentally  (jiersonal  communication;  see  also 
G  S.  Bullough  and  F.  J.  Ebling,  Cell  replacement  in 
le  epidermis  and  sebaceous  glands  in  the  mouse, 
.  Anat.,  86:29-34,  1952). 
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at  low  temperatures,  as  solid  as  a  hard  oint¬ 
ment.  At  low  temperatures  the  sebum  solidi¬ 
fies  and  counteracts  further  expulsion  of 
sebum  at  a  considerably  lower  level  than  at 
higher  temperatures.  Quantitatively,  this 
[phenomenon  w'as  studied  first  by  Diinner 
(15).  As  show'll  in  Figure  5,  he  found  ex¬ 
tremely  low  values  at  freezing  temperatures 
and  a  progressive  increase  of  excretion  as  the 
temperature  was  raised.  For  instance,  com- 
[larable  saturation  values  at  50°  and  —2°  C. 


position  of  the  sebum.  Individual  variations 
in  the  shape  of  the  saturation  curve  (Fig.  6) 
at  a  given  temperature  w-ere  interpreted  as 
being  due  to  differences  in  comjposition. 
Miescher  (48)  assumed  that  the  melting 
point  is  low  when  fatty  acids  prevail  in  the 
lipid  mixture  and  high  wdien  the  mixture 
contains  mainly  cholesterol  and  wax  alco¬ 
hols.  But  this  suggestion  w'as  not  followed 
up.  In  pathological  cases  of  seborrhea  it 
seems  that  sebum  is  more  liquid  than  nor- 
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n  temperature  on  the  saturation  level  in  four  subjects.  20-sq.  cm.  surface.  From  Dunner 

(15).  (Keproduced  by  [permission  of  S.  Karger.) 


were  11.8  and  3.1  mg.  or  3.7  and  0.7  mg.,  re¬ 
spectively.  The  possible  clinical  significance 
of  these  findings  for  “dry  skin”  and  par- 
Ucularly  for  pruritus  hiemalis  (“winter 
itch”)  is  discussed  on  page  378.  At  high 
temperatures  the  standstill  of  sebaceous 
excretion  occurs  rather  late  or  not  at  all 
(Fig.  5).  Sebum  may  become  so  fluid  as  not 
to  form  an  occlusive  layer  at  all.  It  just 
flows  away,  and  the  leveling  effect  may  be 
entirely  absent.  An  additional  factor  at  high 
temperatures,  recognized  recently  (28),  is 
sweat  secretion.  Moisture  emulsifies  sebum 
and  facilitates  its  spread  (38). 

The  consistency  also  depends  on  the  com- 


mal.  Whether  this  is  caused  by  a  difference 
in  composition,  by  an  abnormal  amount  of 
sw'eat  mixed  w’ith  the  sebum,  or  by  some 
other  factor  is  not  known.  In  [Postenceph¬ 
alitic  seborrhea  Serrati  (73)  conclusively 
demonstrated  that  there  is  an  actual  “flow'” 
of  sebum,  with  no  tendency  toward  leveling. 
Thus  the  expression  “seborrhea,”  or  flow'  of 
sebum,  is  indeed  justified. 

Once  expulsion  has  ceased  because  of  the 
occlusion  of  the  pore  by  frozen  sebum,  pro¬ 
duction  of  sebum  continues,  at  least  for  a 
w'hile.  This  was  shown  by  Dunner  (15).  He 
allowed  sebum  to  accumulate  to  the  satura¬ 
tion  level.  Subsequently,  he  removed  the 
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layer  and  measured  the  excretion  rate  in  2- 
hour  periods.  The  yield  in  the  first  period 
was  considerably  greater  than  in  subsequent 
periods.  Starting  with  the  second  period,  the 
hourly  rate  became  constant  (Fig.  7).  The 
larger  yield  of  the  first-hour  sample  was  at¬ 
tributed  to  excess  accumulation  of  sebum  in 
the  follicular  canal  at  a  time  when  expulsion 
was  not  possible.  Accordingly,  Diinner  says, 


it  seems  that  it  is  not  the  “glandular”  pres¬ 
sure  which  is  overcome  by  the  pressure  of 
the  sebum  layer,  because  the  gland  is  still 
able  to  empty  its  excretion  into  the  follicular 
canal,  although  no  material  arrives  at  the 
surface.  It  is  rather,  as  Diinner  states,  a 
simple  brake  mechanism  or  a  friction  re¬ 
sistance  which  acts  against  the  outflow  of 
sebum  to  the  surface. 


Pjg_  _ Excretion  rate  and  saturation  level  in  six  subjects.  Dot-dash  lines  indicate  excretion  rate;  dash- 

circle  lines  indicate  saturation  level.  All  values  obtained  from  40  sq.  cm.  of  surface  of  forehead  at  room  tem¬ 
perature.  From  Zehender  and  Dunner  (8.S).  (Reproduced  by  i^ermission  of  S.  Karger.) 


T'  r  7  -rnmnarison  of  excretion  rate  and  saturation  level.  PrK,  excretion  rate;  saturation  level; 

Ume  in  LurL.  From  Zehender  and  Dunner  (85).  (Kq,ro,luce<l  l.y  permission  of  ,S.  karger.) 


Sebaceous-Gland  Excretion 
Butcher  and  Parnell  (12)  came  in  all  es¬ 


sential  points  to  the  same  conclusions  as  the 
foregoing.  Phese  authors  demonstrated  that 
the  constancy  of  the  saturation  level  is  not 
due  to  a  dynamic  equilibrium  in  which  se¬ 
bum  would  be  either  volatilized  or  absorbed 
from  the  surface  and  replaced  by  newly 
excreted  material  but  that,  actually,  expul¬ 
sion  to  the  surface  ceases  because  of  the  re¬ 
sistance  of  the  surface  layer.  They  also 
found  that  artiticial  variation  of  the  surface 
tension  of  sebum  has  no  influence  on  the 
saturation  mechanism. 

There  has  never  been  any  clarification  of 
what  would  occur  if  frozen  sebum  occluded 
the  pores  permanently,  as  might  happen  in 
cold  climates  with  no  opportunity  to  wash 
for  several  weeks.  If  sebaceous-gland  pro¬ 
liferation  went  on,  there  should  be  maximal 
dilatation  of  the  follicles,  with  subsequent 
pathological  changes.  Apparently  this  does 
not  happen.  If  the  pore  is  occluded  not  by 
frozen  sebum  but  by  horny  masses,  patho¬ 
logical  changes  set  in  relatively  early.  This 
is  the  case  in  macro-  and  microscopic  com¬ 
edones  and  in  different  types  of  follicular 
keratoses.  In  the  latter  case  the  end-result  of 
such  absolute  resistance  to  sebum  excretion 
is  known  to  be  complete  atrophy  of  seba¬ 
ceous  glands.  Such  effects  caused  by  occlu¬ 
sion  by  frozen  sebum  have  not  been  re¬ 
ported.  The  most  likely  explanation  of  the 
lack  of  severe  changes  in  the  cold  is  that 
sebaceous-gland  proliferation  decreases  or 
stops  entirely  if  sebum  cannot  be  exi)elled  to 
the  surface.  Miescher  (48),  after  recording 
extremely  low  saturation  levels  in  the  high 
Alps,  observed  that  such  low  levels  persisted 
for  a  while  after  returning  to  lowlands.  It 
seemed  that  the  occlusion  forced  the  glands 
to  decrease  their  function  and  that  several 
days  were  needed  for  readjustment.  Butcher 
and  Parnell  (12),  too,  are  inclined  to  assume 
that  “when  the  sebum  on  the  skin  is  not  re¬ 
moved,  cell  proliferation  within  the  gland 
probably  progresses  at  a  low  level.” 

By  applying  a  novel  method  of  lipid  esti¬ 
mation  on  the  surface,  based  on  the  spread- 
ing  properties  of  fat  on  a  water  surface  in 
monomolecular  layers  (36,  37),  Jones,  Spen¬ 
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cer,  and  Sanchez  (38)  have  arrived  at  a  some¬ 
what  different  interpretation  of  saturation 
level  and  secretion  rate.  They  find  that  the 
accumulation  of  fat  at  the  surface  is  irregu¬ 
lar  and  that  the  main  reasons  for  this  ir¬ 
regularity  are  different  rates  of  spreading 
and  contamination  of  the  area  in  which 
measurements  are  made  with  fat  from 
neighboring  skin.  It  is  difficult,  if  not  impos¬ 
sible,  to  isolate  an  area  so  that  surface  fat 
cannot  flow  in  and  out.  The  authors  find 
that  the  main  factor  in  influencing  the  rate 
of  spreading  is  moisture  of  the  skin  surface. 
The  difference  is  indeed  amazing.  The 
spread  is  140  times  greater  on  moist  skin  in 
15  seconds  than  it  is  in  10  minutes  on  dry 
skin.  The  fat  flows  with  a  speed  of  3.3 
cm  sec  over  wet  skin,  while  its  flow  over  dry 
skin  is  negligible  and  close  to  zero.  The  au¬ 
thors  believe  that  these  facts  make  “the  de¬ 
termination  of  the  rate  of  secretion  of  a 
given  area  not  only  difficult  but  of  mere 
academic  importance.  .  .  .  Fat  undoubtedly 
flows  from  areas  of  high  secretion  ...  to 
areas  of  low  secretion.” 

The  work  of  Jones  et  al.  was  done  with  a 
precision  hitherto  unequaled  in  this  field, 
and  their  criticism  of  previously  used  tech¬ 
nics  is  fully  justified.  Still  it  should  be  ad¬ 
mitted  that  the  fundamental  regularity  of  a 
parabolic  decrease  of  fat  excretion  could  be 
established  with  coarser  methods  and  basi¬ 
cally  has  not  been  refuted  by  the  authors. 
The  main  difference  between  their  results 
and  earlier  work  is  that  at  saturation  level  a 
minimal  excretion  continues  to  occur.  This, 
of  course,  may  dej)end,  among  other  things, 
on  the  environmental  temj)erature,  a  factor 
the  effect  of  which  was  not  investigated  by 
Jones  e(  al. 

The  most  important  finding  in  Jones’s 
work  is  the  tremendous  influence  of  moisture 
on  the  spreading  of  the  fatty  film.  This  find¬ 
ing  fits  well  with  the  work  of  Herrmann  and 
Prose  (28)  and  of  Herrmann,  Prose,  and 
Sulzberger  (29).  They  showed  that  regional 
variations  in  the  level  of  ether-soluble  sub¬ 
stances  strikingly  paralleled  the  regional 
variations  in  sweat  delivery.  W  herever  there 
was  a  difference  of  sebum  levels  in  sym- 
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metrical  sites,  a  corresponding  difference 
was  found  also  in  sweating  ability.  On  the 
palms  these  authors  were  able  to  increase 
the  rate  of  fat  excretion  one  and  one-half 
fold  when  they  stimulated  sweat  secretion 
by  dry  heat.  Sweat,  by  increasing  the  spread 
of  the  lipid  film,  indirectly  increased  the 
amount  of  lipids  appearing  on  the  surface. 
The  authors  pointed  out  the  significance  of 
these  findings  for  the  pathology  of  common 
dermatoses  and  particularly  for  “dry  skin”; 
anomalies  of  sweat  secretion  and  fat  excre¬ 
tion  are  closely  interwoven,  and  no  isolated 
anomaly  can  be  postulated  either  in  “dry 


of  Jones  c/  at.  (38)  and  Herrmann  and  Prose 
(28)  on  the  decisive  role  of  moisture,  it  ap¬ 
pears  that  quantitative  data  from  experi¬ 
ments  in  which  these  factors  were  not  con¬ 
trolled  are  of  little  value.  In  addition,  prac¬ 
tically  all  methods  hitherto  employed  have 
inherent  imperfections  (38).  Still,  it  might 
be  of  some  interest  to  present  the  data 
available  after  recalculation  to  equiva¬ 
lent  terms,  to  indicate  the  range  of  mag¬ 
nitude  with  which  we  have  to  deal  (see 
Table  2). 

It  would  be  a  hopeless  task  to  try  to  com¬ 
pute  from  the  data  in  Table  2  the  fat  excre- 


T.\BLE  2 

Saturation  Level  (t/Sq  Cm)  and  Excretion  Rate  (t/Sq  Cm/Min) 
OF  THE  Fatty  Film  on  Human  Forehead 


Author 

Satura¬ 

tion 

Level 

Excre¬ 

tion 

Rate 

Remarks 

Method 

401 

At  10°-15°  C.  room  temperature 

Paper  absorption 

Sprra  ti  ^7.^^  . 

385 

At  16°-18°  C.  room  temperature 

Paper  absorption 

Miescher  and  Schonberg  (48) .... 
Kirk  (4H  . 

445 

289 

0.88 

.41 

Mean  of  234  estimates  in  men 

Paper  absorption 
Cup 

160 

and  women  16-60  years  old 
One  individual 

Cup 

cVlivi  1  c*i  iivii  y  *  . 

330 

.48 

14  women,  20-73  years  old 

Paper  absorption 

171 

.53 

Cup 

223 

.76 

27  men,  22-60  years  old 

Cup 

176 

.70 

9  women,  20-39  years  old 

Cup 

186 

0.77 

13  men,  20-39  years  old 

Cup 

338 

Cup 

Flcrriiicliiii  duu  1  1  . 

skin”  or  in  such  common  dermatoses  as 
seborrheic  dermatitis,  atopic  dermatitis,  or 

ichthyosis  (see  p.  225). 

Miescher  (48)  calculated  that  the  thick¬ 
ness  of  the  frozen  sebum  layer  at  saturation 
level  varies  between  3  and  10  m-  However,  he 
emphasized  that  the  layer  must  actually  be 
thinner  than  calculated  from  amounts  of 
sebum  per  unit  surface,  because  much  of  it 
lies  in  follicular  pores  and  skin  folds.  Butcher 
and  Parnell  (12)  demonstrated  that  sebum 
flows  preferentially  along  the  sulci,  h  rom  the 
data  of  Jones  c/  at.  (38)  much  thinner  layers 
can  be  calculated. 

Since  the  work  of  Dtinner  (lo)  on  the  de¬ 
cisive  role  of  air  temperature  and  the  work 


tion  of  the  whole  body  surface.  The  regional 
differences  are  great,  and,  in  particular,  the 
fat  excretion  on  the  forehead  is  several  times 
greater  than  on  trunk  and  extremities  (p. 
295).  The  variations  caused  by  tempera¬ 
ture,  moisture,  and  removal  of  the  fatty 
film,  either  casually  or  by  washing,  are  even 
greater. 

Jones  el  at.  (38)  established  with  great 
precision  that  the  minimum  excretion  rate 
is  0.1  T/sq  cm  min.  This  would  indicate 
that  the  minimum  excretion  of  the  whole 
body  surface  after  defatting  is  in  the  range 
of  200  T,  min  or  12  mg/hr.  The  actual  excre¬ 
tion  is  probably  much  higher  than  this  mini¬ 
mal  value. 
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IV.  REGIONAL 

Most  estimations  were  made  on  the  fore¬ 
head,  because  the  sebaceous-gland  excretion 
is  most  active  in  this  area  (19,  20,  44,  12, 
28).  As  compared  with  trunk  and  extremi¬ 
ties,  all  workers  find  considerably  higher 
values  on  the  forehead.  Serrati  (73),  who 
compared  the  excretion  of  the  forehead  and 
on  fle.xor  sides  of  the  forearm  in  hundreds  of 


DIFFERENCES 

in  Figure  8.  His  data  clearly  show  that  seba¬ 
ceous  excretion  is  (1)  greater  on  the  trunk 
than  on  the  extremities;  (2)  greater  on  the 
chest  than  on  the  back;  (3)  has  a  definite 
maximum  in  the  mid-line  of  the  trunk,  with 
rapidly  decreasing  values  toward  the  sides; 
(4)  is  greater  on  upper  than  on  lower  ex¬ 
tremities;  (5)  is  slightly  greater  on  flexor 


ABDOMEN 


Fig.  8.— Constancy  of  sebum  level.  Determinations  made  in  a  single  individual  over  a  jieriod  of  7  days. 
Modified  from  Emanuel  (19).  (Reproduced  by  jicrmission  of  .\cta  dermato-venereologica.) 


estimations,  finds  in  normals  more  than 
three  times  larger  amounts  on  the  forehead 
than  on  the  forearm  (an  average  of  15.4  mg. 
as  against  4.2  mg/'4()  sq  cm/ 12  hr).  Com- 
{larative  measurements  on  the  forehead  and 
other  parts  of  the  face  and  on  the  scalp  are 
lacking. 

Emanuel  (19)  investigated  regional  dif¬ 
ferences  systematically.  His  results  as  ob¬ 
tained  in  one  representative  case  are  shown 


than  on  extensor  sides;  and  (6)  is  found  in 
by  far  the  largest  amounts  on  the  forehead. 

Emanuel’s  results  were  recently  fully 
confirmed  by  Herrmann  and  Prose  (28). 
The  distribution  of  lipid  excretion  con¬ 
spicuously  parallels  the  regional  distribution 
of  sweating  ability  (28,  29).  In  some  in¬ 
stances  an  asymmetrical  distribution  of  the 
amount  of  lipids  was  found  on  the  right  and 
left  sides  of  the  forehead  (15,  28). 


V.  INFLUENCE  OF  AGE  AND  SEX 


It  has  long  been  known  that  the  amount 
of  fat  e.xcreted  to  the  skin  surface  is  small  in 
childhood,  increases  rapidly  with  oncoming 
puberty,  and  then  levels  out  to  fairly  con¬ 
stant  values  at  the  end  of  puberty  or  shortly 
thereafter  (68).  The  old  data  have  been 
confirmed  many  times. 

Emanuel  (19)  found  that  in  children  the 
amount  of  fat  is  about  one-third  that  in 


adults  all  over  the  body  surface.  Interesting¬ 
ly,  however,  he  finds  high  values— in  the 
range  of  that  of  adults — in  the  newborn,  also 
after  thorough  removal  of  vernix  caseok. 

Kvorning  (44)  finds  a  moderate  and 
g-adual  increase  with  the  onset  of  puberty. 

IS  data,  as  well  as  those  of  Kligman  and 
(xinsberg  (42),  show  that  stationary  adult 
values  are  reached  only  between  twenty  and 
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twenty-five  years  of  age,  an  interesting  find¬ 
ing  in  connection  with  the  frequent  per¬ 
sistence  of  acne  vulgaris  in  this  age  group. 
The  data  of  Kligman  and  Ginsberg  (42)  and 
of  Nicolaides  and  Rothman  (54)  on  the 
amount  of  hair  fat  in  different  age  groups  are 


TABLE  3 

Fat  Content  of  Hair  from 
Various  Age  Periods  (42) 


No.  of 
Samples 

Age 

Period 

Per  Cent 
Hair  Fat 

16 . 

4-  7 

1.76 

14 . 

7-10 

1.52 

17 . 

11-13 

4.65 

13 . 

15-25 

4.21 

19 . 

26-35 

5.37 

given  in  Tables  3  and  4.  Both  tables  reflect 
the  approximately  threefold  increase  in  the 
amount  of  fat  in  adolescence. 


but  he  emphasized  that  individual  varia¬ 
tions  are  much  too  great  to  justify  any  deci¬ 
sive  conclusion.  A  moderately  greater 
amount  of  sebum  in  men  seems  to  appear 
also  in  the  data  of  Kvorning  (44)  and — to  a 
lesser  degree — in  those  of  Kirk  (41).  The 
statistical  significance  of  the  slight  differ¬ 
ences  has  never  been  calculated,  and  it  has 
not  been  claimed  that  they  are  significant. 
Perhaps,  with  better  standardization  of  the 
methods,  it  will  be  possible  to  arrive  at  more 
definite  conclusions. 

While  sex  differences  in  the  adult  before 
senescence  are  debatable,  a  conspicuous  sex 
difference  seems  to  occur  in  old  age.  From 
the  age  of  seventy  on,  men  do  not  show  any 
characteristic  change  in  sebaceous  excretion. 
Suzuki  (76)  and  Kvorning  (44)  find  some 
decrease,  and  Kirk  (41)  some  tendency  to 
increase.  In  contrast,  in  women  there  is  a 
significant  drop  in  old  age.  This  was  first  dis¬ 
covered  by  Suzuki  (76),  who  obtained  values 


TABLE  4 


F.\t  Content  of  Hum.\n  Hair  in  Different  Groups  (54) 


Sex 

Age 

Race 

Male . 

6  12 

White 

Male . 

15-20 

White 

Male . 

“Adult” 

White 

Male . 

2(E40 

White 

Male . 

40  65 

White 

Male . 

Above  65 

White 

Male . 

“Adult” 

Negro 

Female . 

“Adult” 

White 

Female . 

Above  65 

White 

Female . 

“Adult” 

Negro 

No.  of 
Samples 

No.  of 
Hair 
Cuts* 

Percentage 

Range 

Per  Cent 
Fat  in 
Hairt 

5 

148 

1.18-1,93 

1.64 

1 

31 

4.76 

5 

860 

3.78-5.01 

4.49 

1 

61 

4. 50 

1 

52 

4.78 

1 

52 

4.83 

3 

755 

7. 50-8.. 59 

7.71 

4 

790 

4.47-4.92 

4, 54 

1 

115 

4.00 

2 

55 

6.74-7.13 

7.07 

*  Computed  on  the  basis  of  5  Rm.  hair  per  hair  cut  in  all  the  pooled  samples, 
t  Values  given  are  averages  weighted  according  to  sample  size. 


No  consistent  sex  differences  have  been 
demonstrated  in  childhood,  puberty,  and 
the  average  adult  age.  Relatively  most  jiro- 
nounced  differences  were  found  by  Suzuki 
(76),  who  claimed  that,  with  oncoming  pu¬ 
berty,  sebum  excretion  becomes  much  high¬ 
er  in  the  male  than  in  the  female  and  stays 
higher  throughout  adult  life.  Emanuel  (19), 
too,  had  the  general  impression  that  sebum 
excretion  is  greater  in  men  than  in  women; 


in  old  women  which  fell  below  values  ob¬ 
tained  in  prepubertal  girls.  Similarly  im- 
jiressive  data  were  obtained  by  Kirk  (41), 
whose  data  are  summarized  in  Table  5  and 
Figure  9.  The  same  tendency  can  be  recog¬ 
nized  in  the  data  of  Nicolaides  and  Rothman 
in  Table  4. 

The  {)ercentages  given  in  Table  4  are  a 
rough  index  of  the  thickness  of  the  oily  lilm 
on  the  hair.  It  shows  the  threefold  increase 
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of  the  amount  of  hair  fat  with  the  advent  white  adults.  Negro  men  showed  slightly 

of  puberty  and  the  tendency  toward  dimi-  higher  values  than  Negro  women,  but  again 

nution  in  postmenopausal  women.  Men  the  significance  of  these  findings  remains  to 

seem  to  show  a  small  increase  with  advanc-  be  established.  Differences  between  white 

ing  age.  Both  these  changes  in  senility,  how-  and  Negro  adults  were  quite  pronounced, 

TABLE  5 

Summary  of  Mean  Total  Lipid  Secretion  Values  from  10-Sq.  Cm. 

Area  of  Forehead  in  125  Men  and  109  Women  (41) 


Age  Group 

Men 

Women 

12-Hour 

Period 

(Mg.) 

4-Hour 

Period 

(Mg.) 

4- Hour 
Period  in 
Percentage 
of  12-Hour 
Period 

12-Hour 

Period 

(Mg.) 

4-Hour 

Period 

(Mg.) 

4-Hour 
Period  in 
Percentage 
of  12-Hour 
Period 

16-39 . 

2.80 

2.24 

83 

3.02 

2.30 

76 

40-59 . 

3.03 

2.45 

91 

2.59 

1.76 

76 

60-69 . 

2.84 

2.05 

83 

2.83 

1.76 

59 

70-79 . 

3.34 

2.24 

69 

1.66 

0.92 

53 

•Above  80 ...  . 

3.30 

2.15 

62 

1.23 

0.61 

46 

4.0 


E 

o 


o' 

5.0 


•O 

°r  2.0 


QJD 


1.0 


20 


30 


40 


50  60 

YEAliS 


70 


MEN,  12  HOUR  PEUiOD 


MEN.  4  MOUQ  PCOlOO 


WOMEN.  12  h0UI2  DEOIOD 


'WOMEN,  4  HOUR  DEDlOO 


80 


90 


100 


1?,'^  secretion  on  10  sq.  cm.  of  skin  of  forehead  in  different  sex  and  age  grouns  (214  individ 
uals).  From  Kirk  (41).  (Reproduced  by  permission  of  the  author.)  ^  ^  ^ 

ever,  require  further  corroboration.  No  sex  Negro  men  having  70  per  cent  more  hair  fat 
differences  have  been  found  by  Nicolaides  than  white  men,lnd  Negm  wommi  ata 
and  Rothman  in  the  hair  fat  content  of  60  per  cent  mor^  than  white  "ZeZ 


VI.  ENDOCRINE  INFLUENCES 


The  increase  of  sebaceous-gland  excretion 
with  oncoming  puberty  is  accompanied  and 
obviously  caused  by  an  increase  in  seba¬ 
ceous-gland  volume.  The  main  event  is  en¬ 


largement  of  lobules  and  possibly  formation 
of  new  lobules  but  no  increase  in  the  size  of 
single  cells  (16, 17,  27).  The  volume  increase 
IS  so  conspicuous  that  it  can  be  recognized 
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qualitatively  by  comparing  histological  skin 
sections  of  children  and  adults.  The  jjubertal 
stimulus  acts  by  promoting  mitotic  division 
of  the  basal  cells  in  the  glands  (48,  16,  17). 
(see  p.  290).  The  stimulus  is  equally,  or  al¬ 
most  equally,  effective  in  males  and  females 
(p.  299). 

Like  other  pubertal  changes,  such  as  de¬ 
velopment  of  a.\illary  and  pubic  hair  in  both 
sexes,  development  of  mammary  glands  in 
the  female,  development  of  beard,  body 
hair,  and  laryngeal  changes  in  the  male,  pu¬ 
bertal  development  of  sebaceous  glands 
reaches  a  maximum  some  time  after  pu- 

T.\BLE  6 

Influence  of  Sex  Hormones  on  Volume  of 
Seb.\ceous  Gl.\nds  and  .\lveoli  Thereof 
IN  THE  Rat  (Ebling)  (16) 

(.\verage  Figures) 


Treatment* 

Seba¬ 

ceous 

Cell 

Count 

Alveo¬ 

lar 

Count 

Cell 

Count 

per 

Alve¬ 

olus 

None . 

277,6 

37. 1 

7.5 

Estradiol  benzoate  1  y . 

178.3 

28. 1 

6.3 

Estradiol  benzoate  100  y . .  . 

90.7 

23.8 

3.7 

Testosterone  propionate 

1  mg . 

580.0 

46.6 

12,4 

*  Daily  injections  for  30  days. 


berty,  and  then  no  further  growth  of  the 
glands  takes  place.  Some  kind  of  equilibrium 
is  established,  although  the  endocrine  stimu¬ 
lation  persists.  Pubertal  development  is  the 
most  obvious  evidence  that  the  normal  de¬ 
velopment  of  sebaceous  glands  and  main¬ 
tenance  of  their  function  are  under  endo¬ 
crine  influence. 

In  the  male  the  role  of  testicular  hor¬ 
mones  has  long  been  recognized,  mainly  on 
the  basis  of  three  observations.  (1)  I^re 
pubertal  castrate  and  eunuchoid  males  do 
not  develop  seborrhea  or  acne,  a  disease 
which  is  invariably  connected  with  seba¬ 
ceous-gland  hyperplasia  (65,  24);  (2)  cas¬ 
trate  and  eunuchoid  males  develop  acne  if 
they  are  treated  with  testosterone  (24);  and 
(3)  normal  males  and  females  may  develop 


acne  if  they  are  treated  with  large  doses  of 
testosterone.  This  hormone  is  particularly 
effective  in  producing  acne  when  it  is  given 
to  persons  who  have  a  genetic  predisposition 
to  this  disease. 

The  first  two  points  were  carefully  stud¬ 
ied  by  Hamilton  (24,  25)  on  a  great  number 
of  prepubertal  castrates  and  eunuchoids. 
One  can  conclude  from  his  observations  not 
only  that  such  individuals  are  free  of  sebor¬ 
rhea  and  acne  but  also  that  their  sebaceous 
glands  do  not  show  any  sign  of  pubertal  de¬ 
velopment.  He  states  in  his  description: 

.  .  .  Touching  of  the  skin  with  the  finger  tips 
sufficed  to  indicate  that  the  hair  and  scalp,  like 
the  facial  skin,  were  less  oily  than  in  normal 
men  of  comparable  age.  From  the  scalp  washed 
twice  with  ether,  the  following  quantity  of 
ether-soluble  material  was  obtained:  971  mg. 
from  M.  B.,  624  mg.  from  O.  R.,  834  mg.  from 
N.  \V.  These  quantities  were  less  than  those  ob¬ 
tained  from  any  of  three  normal  males  18,  25 
and  30  years  of  age,  the  average  recovery  from 
whom  was  1,334  mg.  Both  in  number  and  size 
the  fluorescent  points  at  follicular  orifices  .  .  . 
on  the  scalp  of  sexually  immature  men  were 
much  less  than  in  normal  male  relatives  or  in 
other  normal  adult  men. 

In  contrast,  among  the  34  men  who  were 
castrated  later,  namely,  when  fourteen  to 
nineteen  years  of  age,  excess  sebaceous  se¬ 
cretion  was  present  in  many  of  them  but 
less  than  in  normal  men  of  their  age  (25). 

Administration  of  testosterone  propio¬ 
nate  to  normal  jirepubertal  male  children 
causes  easily  recognizable  sebaceous-gland 
hyperplasia  (64).  In  animal  experimentation 
similar  effects  were  observed  in  the  rat  (23, 
16),  in  the  hamster  (26),  and  in  the  rabbit 
(63).  Quantitative  measurements  of  this 
effect  were  made  by  Ebling  (16).  His  data 
(Table  6)  clearly  show  what  a  powerful 
growth  stimulus  this  hormone  exerts  on  se¬ 
baceous  glands.  An  even  greater  effect  was 
demonstrated  recently  by  Haskin  el  al.  (27) 
in  my  laboratory.  When  testosterone  propi¬ 
onate  was  given  to  rats  in  doses  of  1  mg. 
daily  for  30  days,  the  average  increase  of  se¬ 
baceous-gland  volume  was  about  400  per 
cent  (Fig.  10). 


Scbaccous-Gland  Excretion 


\\  hile  in  the  male  the  pubertal  develop¬ 
ment  of  the  sebaceous  glands  is  related  be¬ 
yond  doubt  to  the  production  of  testicular 
hormone,  the  similar  development  in  the 
female  has  remained  unexplained  until  most 
recently  (j).  300).  The  identical,  or  almost 
identical,  amount  of  sebum  excreted  in 
males  and  females  (p.  296),  as  well  as  the 
approximately  1 : 1  sex  incidence  of  acne 
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(6),  makes  it  obvious  that  there  must  be 
some  factor  in  the  female  which  is  com¬ 
parable  to  the  effect  of  testicular  hormones 
in  the  male.  It  was  assumed  that,  in  girls, 
increased  androgens  produced  by  the  adre¬ 
nals  during  puberty  are  responsible  for  se¬ 
baceous-gland  hyperfunction,  particularly 
because  all  the  urinary  17-ketosteroids  in 
the  female  originate  from  the  adrenal  cortex 
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(21).  It  is  difficult,  however,  to  accept  this 
view  because  male  castrates  and  most  ovar¬ 
ian-deficient  females  have  well-functioning 
adrenal  glands  and  yet  do  not  develoj) 
seborrhea  or  acne. 

Soon  after  the  advent  of  therapy  with 
adrenocorticotropin  and  cortisone,  it  was 
observed  that  many  patients  of  all  age 
groups,  young  children  included,  developed 
acneform  eruptions.  Similar  eruptions  were 
known  to  occur  also  in  Cushing’s  syndrome 
caused  by  hypercorticoidism.  These  acne¬ 
form  eruptions,  however,  are  not  identical 
with  juvenile  acne,  because  they  lack  the 
usual  seborrhea  and  comedones.  Natural 
juvenile  acne  has  two  main  pathogenetic 
factors.  One  is  sebaceous-gland  hyperplasia, 
and  the  other  is  excessive  follicular  kera- 
tinization  at  the  orifice,  which  occludes  the 
pore  and  hinders  the  expulsion  of  sebum.  If 
the  follicular  keratinization  anomaly  pre¬ 
vails,  the  acneform  eruptions  are  papular 
and  pustular  but  lack  the  greasy  appearance 
of  the  skin  that  is  seen  in  juvenile  acne.  In 
acneform  eruptions  developing  in  hyper¬ 
corticoidism  the  major  component  is,  clini¬ 
cally  and  histologically,  follicular  keratini¬ 
zation,  and  there  is  little,  if  any,  sebaceous- 
gland  hyperfunction  (66).  Thus  these  ob¬ 
servations  also  fail  to  support  an  adrenal 
cortical  origin  for  sebaceous-gland  stimula¬ 
tion. 

Local  application  of  C-11  oxygenated 
steroids  has  resulted  in  inconsistent  reduc¬ 
tion  in  the  size  of  rat  sebaceous  glands  (4). 
Similar  findings  were  noted  upon  parenteral 
administration  of  adrenocorticotropic  hor¬ 
mone  (3).  That  cortisone  actually  causes 
sebaceous-gland  atrophy  rather  than  hyper¬ 
plasia  was  shown  quantitatively  by  Haskin 
et  al.  (27).  The  average  volume  of  sebaceous 
glands  in  the  rat  after  daily  injections  of 
1.0  mg.  cortisone  for  30  days  was  smallei 
than  that  of  nontreated  controls  (Fig.  10). 
The  results  of  the  same  authors  with  adreno¬ 
corticotropin  have  been  inconclusive. 

In  the  search  for  the  hormone  which  is  re¬ 
sponsible  for  pubertal  development  of  seba¬ 
ceous  glands  in  the  female,  the  corpus  u 
teum  hormone  was  not  thought  to  be  of  any 


significance,  particularly  on  the  basis  of 
findings  of  Lbling  (16,  17),  who  elicited  no 
effect  on  sebaceous  glands  after  administra¬ 
tion  of  0.1  and  0.5  mg.  progesterone  daily  for 
30  days  in  rats.  Recently,  however,  Haskin 
et  al.  (27)  demonstrated  a  powerful  effect  of 
this  hormone.  Progesterone,  10  mg.  daily 
for  15  days,  produced  in  the  rat  an  enlarge¬ 
ment  in  volume  of  sebaceous  glands  com¬ 
parable  to  that  induced  by  testosterone, 
i.e.,  an  average  increase  of  360  per  cent. 
Even  as  small  doses  as  1  7  daily  for  30  days 
produced  an  average  increase  in  gland  size 
of  about  80  per  cent  (Fig.  10).  The  disagree¬ 
ment  in  the  findings  of  Ebling  (16,  17)  and 
of  Haskin  et  al.  (27)  has  remained  unex¬ 
plained.  Prior  to  the  work  of  both,  a  moder¬ 
ately  stimulating  effect  of  progesterone  was 
demonstrated  by  De  Graaf  (22,  23)  on  cas¬ 
trate  male  guinea  pigs. 

Because  of  the  powerful  effect  of  pro¬ 
gesterone,  as  found  by  Haskin  et  al.,  it  was 
hypothesized  (27)  that  pubertal  develop¬ 
ment  of  sebaceous  glands  and  occurrence  of 
seborrhea  and  acne  in  the  female  depend  on 
the  production  of  corpus  luteum  hormone  in 
the  same  way  as  they  depend  on  the  produc¬ 
tion  of  testicular  hormone  in  the  male.  This 
hypothesis,  since  it  does  not  implicate  the 
adrenals,  is  consistent  with  the  observation 
that  hypogenital  males  and  females  do  not 
develop  seborrhea  and  acne. 

The  final  proof  of  the  validity  of  this  hy¬ 
pothesis  will  be  the  experimental  production 
of  seborrhea  and  acne  by  the  administration 
of  large  doses  of  progesterone  in  women  in 
about  the  same  percentage,  as  it  is  possible 
to  do  with  testosterone.^  Also  it  should  be 
shown  that  diffuse  luteinization  of  the 
ovaries  causes  sebaceous-gland  hyperj)lasia 
and  predisposes  to  seborrhea  and  acne. 
There  is  one  statement  in  the  literature  sup¬ 
porting  the  view  on  the  role  of  luteinizing 
hormone.  Selye  (72)  reports  that  the  so- 

3.  Apparently,  the  development  of  acne  under 
the  influence  of  progesterone  therapy  was  observed 
by  Aron-Brunetiere  (R.  Aron-Brunetiere,  Essai  d  in- 
terpraation  physiopathologique  de  sdjorrhee  et 
de  I’acnd  vulgaire,  Excerjjta  med.,  Sec.  XIll,  6  .  .5  . , 
1952). 


Sebaceous-Gland  Excretion 


called  “lii)id-cell  tumors”  of  the  ovaries, 
some  of  which  are  regarded  as  being  con¬ 
nected  with  increased  production  of  corpus 
luteum  hormone,  are  often  associated  with 
the  development  of  acne,  which  disappears 
after  the  surgical  removal  of  the  tumor. 
However,  it  has  not  been  determined  wheth¬ 
er  these  tumors  are  true  and  pure  “lute- 
omas”  rather  than  adrenal  rest  tumors. 

Nothing  is  known  about  the  influence  of 
estrogenic  hormones  on  sebaceous  glands 
under  physiological  conditions  (22,  23).  The 
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administration  of  large  nonphysiological 
doses,  however,  causes  marked  suppression 
of  their  growth.  Hooker  and  Pfeiffer  (30) 
found  that  this  effect  is  counteracted  in  rats 
more  in  the  male  than  in  the  female  by  the 
administration  of  testosterone  propionate. 
While  Hooker  and  Pfeiffer  used  doses  which 
caused  gross  regression  of  all  elements  of 
epidermis  and  corium  and  particularly  of 
follicles  and  hairs,  Ebling  (16)  demonstrated 
an  apparently  selective  atrophy  of  sebaceous 
glands  w'ith  smaller  doses  (Fig.  11).  Ebling 
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(17),  on  implantation  of  ovaries  in  imma¬ 
ture  rats,  found  an  initial  short  period  of 
volume  increase  of  sebaceous  glands,  fol¬ 
lowed  by  a  subsequent  and  permanent  de¬ 
crease  much  below  normal. 

It  should  be  emphasized  that,  in  order  to 
demonstrate  the  depressive  action  of  estro¬ 
genic  hormones,  doses  must  be  used  which 
are  much  greater  than  those  used  in  clinical 
therapy.  Whether  doses  of  estrogenic  hor¬ 
mone  which  can  be  given  safely  reduce  the 
size  of  sebaceous  glands  appreciably  is  not 
known. 

An  interesting  biphasic  effect  of  estrogen 
administration  was  noted  by  Bullough  (9) 
and  by  Ebling  (16,  17).  Estradiol  benzoate 
causes  a  transient  increase  in  the  mitotic  ac¬ 
tivity  of  the  sebaceous  glands.  Mitotic  ac¬ 
tivity  reaches  a  peak  in  2  days,  then  gradu¬ 
ally  declines  to  subnormal  levels.  Some  ini¬ 
tial  stimulation  was  also  noted  by  De  Graaf 
(22). 

From  the  available  data  one  may  con¬ 
clude  that  the  pubertal  development  of  se¬ 
baceous  glands  is  an  effect  of  testicular  hor¬ 
mone  in  the  male  and  of  progesterone  in  the 
female.  Both  e.xert  a  proliferative  stimulus 
on  the  matrix  cells  of  these  glands.  Thereby, 
the  glands  increase  in  size  and  produce  more 
sebum  than  before.  There  is  no  increase  in 
number  of  glands  (64),  and  the  size  of  the 
single  cells  does  not  change  in  this  hyper¬ 
plastic  process  (27).  However,  the  alveoli  of 
the  glands  enlarge  greatly  (64). 

It  might  be  worth  while  to  mention  that 


some  sebaceous  glands  completely  atroi)hy 
if  the  sex  hormone  stimulation  is  eliminated. 
This  is  the  case  with  the  preputial  glands  of 
male  mice,  which  are  regarded  as  typical 
“sebaceous-gland  organs”  on  the  basis  of 
their  microscopic  appearance  and  the  com¬ 
position  of  their  excretion  products  (10). 
Voss  (80)  showed  that  these  glands  atrophy 
following  castration  and  regenerate  again  on 
implantation  of  testicular  tissue  or  on  ad¬ 
ministration  of  male  sex  hormone. 

It  is  also  interesting  to  note  that  the  male 
hormone  is  much  more  effective  in  stimulat¬ 
ing  sebaceous-gland  development  than  it  is 
in  suppressing  development  of  the  mam¬ 
mary  glands  and  of  nipples  (22).  Conversely, 
it  may  be  possible  that  the  supi)ressive  ef¬ 
fect  of  estrogens  on  sebaceous  glands  is  con¬ 
siderably  weaker  than  its  stimulating  effect 
on  mammary  glands  and  nipples. 

It  was  postulated  that,  in  humans,  ab¬ 
normalities  of  sebaceous  excretion  leading  to 
seborrhea  and  acne  must  be  due  to  an  ab¬ 
normal  ratio  of  androgens  to  estrogens  (81, 
45).  Theoretically,  this  might  very  well  be 
true.  However,  even  greater  variations  in 
androgen-estrogen  ratios  may  be  found 
among  eunuchoid  and  castrate  men,  who 
never  have  acne  (24).  Thus  the  significance 
of  this  hormone  ratio  in  the  pathogenesis  of 
acne  is  debatable. 

Little  is  known  as  to  the  influence  of  the 
thyroid  gland.  It  seems  that  thyroidectomy 
in  the  young  causes  a  regression  of  the  pilo- 
sebaceous  apparatus  as  a  whole  (39). 


VII.  NUTRITIONAL  INFLUENCES 


Forced  feeding  of  animals  with  fats  re¬ 
sults  in  excretion  of  increased  amounts  of 
sebum,  and  the  nutritional  fat  constituents 
are  excreted  unchanged  (70,  43,  68).  Obvi¬ 
ously,  this  is  an  unphysiological  situation 
in  which  the  overloading  of  the  organism 
makes  it  impossible  to  metabolize  fat 
constituents  physiologically.  Quantitative 
measurements  on  the  increase  of  sebum  p- 
cretion  under  forced  feeding  were  carried 
out  on  rabbits  by  Suzuki  (76).  W  hen  fat  was 
given  in  excess,  the  amount  of  sebum  in¬ 


creased  by  70-119  per  cent  within  2  weeks. 
In  comparable  overfeeding  vvdth  carbohy¬ 
drates  the  increase  was  only  11-38  per  cent. 
Interestingly,  when  the  abnormal  type  of 
feeding  was  continued,  there  was  a  tendency 
for  the  amount  of  sebum  to  decline  again. 
This  was  interpreted  as  a  sign  of  adaptation. 

In  humans,  quantitative  experiments  on 
the  influence  of  nutrition  were  made  by  Ser- 
rati  (73)  on  normal  persons  and  on  acne  pa¬ 
tients.  The  amount  of  total  lipids  from  a 
40-sq.  cm.  area  of  the  forehead  12  hours 
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after  thorough  defatting  was  10.9-17.0  mg., 
with  an  average  of  15.4  mg.  in  twelve  normal 
individuals.  When  normal  persons  were  first 
kept  on  a  normal  mi.xed  diet  and  subse¬ 
quently  were  given  excess  fat  and  later  ex¬ 
cess  carbohydrates,  there  was  a  definite  in¬ 
crease  beyond  the  normal  range  with  both 
types  of  diet,  to  approximately  the  same 
degree  (Table  7). 

In  acne  patients  kept  on  a  mixed  regular 
diet  the  values  of  the  sebum  level  were  be¬ 
tween  24.5  and  32.8  mg.,  with  an  average  of 
29  mg.  in  five  individuals.  When  they  were 
subsequently  given  a  diet  rich  in  fat  and 
later  a  diet  rich  in  carbohydrates,  the  first 
diet  caused  a  moderate,  the  second  diet — in 
two  out  of  three  cases — a  much  greater,  in- 


T.\BLE  1* 

Influence  of  Diet  on  Sebum  Level 
IN  Normals  (73) 


Name 

Age 

Regular 

Diet 

Excess 

Fat 

Intake 

Excess 
Carbohy¬ 
drate  Intake 

F.  M . 

21 

17.2 

21.7 

22.  1 

L.  B . 

27 

16.8 

20.5 

20.9 

M.  B . 

25 

17.9 

22.0 

24.4 

*  Sebum  level  expressed  in  milligrams  i)er  40  so.  cm.  per 
12  hours. 


crease  in  the  sebum  level  (Table  8).  These 
data  are  indeed  impressive,  showing  a  pro¬ 
nounced  influence  of  excess  carbohydrate  in¬ 
take  on  the  sebum  level  in  acne  patients. 
The  clinical  implications  are  obvious.  There¬ 
fore,  it  would  be  highly  desirable  to  try  to 
duplicate  these  results.  Even  more  impor¬ 
tant  would  be  the  investigation,  under  simi¬ 
lar  conditions,  of  the  excretion  rate  of  se¬ 
bum.  Its  increase  in  Serrati’s  e.xperiments 
may  indicate  only  a  change  in  the  con¬ 


sistency  toward  a  more  liquid  state  and  not 
necessarily  an  increase  in  excretion  rate.  The 
creation  of  a  relatively  liquid  sebum,  al¬ 
though  causing  the  skin  to  afjpear  more 
shiny,  would  otherwise  not  necessarily  have 
an  unfavorable  effect  on  acne,  because  it 
may  counteract  inspissation  and  stagnation 
of  sebum  in  the  follicular  canal. 

Eckstein  (18)  found  no  change  in  the 
cholesterol  content  of  hair  fat  in  the  rat  on  a 
diet  rich  in  fat.  He  stated  that  this  behavior 
is  in  contrast  to  that  of  the  liver. 


TABLE  8* 

Influence  of  Diet  on  Sebum  Level 
IN  Acne  P.atients  (73) 


Name 

Age 

Regular 

Diet 

Excess 

Fat 

Intake 

Excess 
Carbohy¬ 
drate  Intake 

s.  c . 

19 

24.5 

38.9 

34.9 

J.  F . 

24 

29.7 

33 . 9 

38.1 

B.  S . 

25 

32.8 

37.8 

41.3 

*  Sebum  level  expressed  in  milligrams  per  40  sn.  cm.  per 
12  hours. 


The  possible  influence  of  diet  was  often 
connected  with  the  question  concerning  the 
constituents  from  which  the  sebum  lipids 
are  built.  Histological  evidence  rather 
strongly  suggests  that  they  derive  from  the 
protoplasm  of  the  sebaceous-gland  basal 
cells.  The  composition  of  this  protoplasm 
probably  cannot  vary  to  a  great  extent  with¬ 
out  danger  to  its  viability.  As  discussed  else¬ 
where  (p.  316),  the  probability  is  that  con¬ 
stituents  of  sebum  are  built  from  the  small 
carbon  fragments  which  are  formed  in  cata¬ 
bolic  processes  by  the  cells.  If  a  nutritional 
influence,  as  reported  above,  actually  exists, 
their  action  must  be  a  rather  complicatecl 
one. 


VIII.  THE  PROBLEM 

There  is  a  great  deal  of  morphological 
evidence  that  sebaceous  glands  in  man  are 
supplied  by  nerves  going  both  to  the  sur¬ 
rounding  connective  tissue  and  to  the  gland 
proper  (77,  52,  79,  7,  34,  35,  14).  A  ramifying 
bundle  of  nerve  fibers  forms  coarse  nets  in 
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the  periglandular  connective  tissue.  Their 
slender  branches  penetrate  into  the  inter¬ 
lobular  septae.  There  they  break  up  into 
very  fine  fibers  and  form  a  plexus  on  the 
ba^sement  membrane  of  the  gland.  However, 
whether  these  unmyelinated  (symi)athetic?) 
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fibers  actually  enter  the  parenchyma  of  the 
gland  and,  if  they  do,  whether  they  are  true 
“secretory”  fibers,  the  stimulation  of  which 
increases  glandular  activity,  is  a  matter  of 
controversy.  Direct  evidence  for  secretory 
innervation  of  sebaceous  glands  is  certainly 
lacking  up  to  the  present. 

When  in  the  1920’s  the  first  cases  of  post¬ 
encephalitic  seborrhea  were  observed,  the 
theory  was  set  forth  that  sebaceous-gland 
innervation  has  an  inhibitory  center  in  the 
diencephalon  and  that,  if  this  center  is 
destroyed,  the  inhibition  is  released  and 
flow  of  sebum  results  (74,  75).  This  theory 
was  supported  by  experiments  of  Perutz, 
Lustig,  and  Klein  (57).  xWter  intramuscular 
injections  of  oil  into  rabbits,  they  obtained  a 
greater  cutaneous  excretion  of  fat  in  animals 
whose  mesodiencephalon  had  previously 
been  destroyed  than  they  did  in  normal 
animals.  However,  this  attractive  theory 
suffered  an  unexpected  blow  when  Miescher 
and  Schonberg  (48)  showed  that  in  post¬ 
encephalitic  seborrhea  the  increase  in  sebum 
output  is  caused  by  glandular  hyperi)lasia, 
the  increase  being  directly  proportional  to 
the  increase  in  excretory  volume,  in  the 
same  fashion  as  is  the  case  in  juvenile  sebor¬ 
rhea  (see  Table  1  on  p.  290).  How  the  en¬ 
cephalitic  process  leads  to  glandular  hyper- 
I)lasia  is  not  understood.  So  far,  only  hor¬ 
mones  are  known  to  influence  the  size  of 
sebaceous  glands,  and  it  is  feasible  that  the 
encephalitic  process  disturbs  hormonal  bal¬ 
ance  via  the  nerve  tracts  leading  to  the 
pituitary.'*  Be  that  as  it  may,  the  findings  of 
Miescher  have  shattered  the  foundation  of 
the  belief  in  a  central  nervous  representation 

of  sebaceous  excretion. 

The  first  and  only  attempt  to  demon¬ 
strate  secretory  innervation  of  sebaceous 
glands  in  physiological  experimentation  goes 
back  to  the  last  century,  when  Arloing  (1,2) 
electrically  stimulated  the  cervical  sym¬ 
pathetic  in  donkeys  and  produced  prolific 


4.  Recent  exi)eriments  in  my  laboratory  indirect¬ 
ly  support  this  view  (N.  Lasher,  A.  L.  I.onncz,  and 
S  Rothman,  Hormonal  effects  on  sebaceous  glands 
in  the  white  rat.  II.  The  effect  of  the  l>^y- 
adrenal  axis,  J.  Invest.  Dermat.,  22:25-31,  1  X-,4). 


fat  secretion  in  the  ear.  I'his  finding  was 
never  re-examined.  Should  it  be  duplicated, 
it  will  still  have  to  be  decided  whether  the 
stimulated  glands  are  sebaceous  glands  or 
apocrine  glands,  which  occur  in  the  ear 
canal  and  which  are  known  to  have  sympa¬ 
thetic  innervation  (p.  183).  Another  possi¬ 
bility  would  be  that  eccrine  glands  were 
stimulated  and  that  eccrine  sweat,  emulsify¬ 
ing  sebum,  promoted  sebaceous  excretion. 

Further  evidence  for  the  secretory  in¬ 
nervation  of  sebaceous  glands  is  of  a  clinical 
nature  and  not  conclusive,  partly  because 
“increased  sebum  excretion”  was  estab¬ 
lished  purely  on  the  basis  of  inspection, 
without  measurements,  and  partly  because 
cases  in  which  measurements  were  carried 
out  concern  central  and  peripheral  nerve 
diseases  in  which  vasomotor  and  sudomotor 
disturbances  accompanied  the  increased  ex¬ 
cretion  of  fat;  and  therefore  indirect  action, 
particularly  that  of  sweat,  cannot  be  ex¬ 
cluded. 

The  first  often  cited  clinical  observation 
of  von  Marschalko  (46)  concerns  a  patient 
who,  after  an  injury  with  complete  sever¬ 
ance  of  the  supraorbital  nerve,  displayed 
profuse  sebum  flow  in  the  area  supplied  by 
this  nerve.  The  flow  of  sebum  ceased  after 
the  nerve  was  sutured.  A  similar  observation 
was  rejiorted  by  Bujadoux  (8).  In  both  cases 
overflow  of  sebum  was  associated  with  hy¬ 
peresthesia.  The  presence  or  absence  of 
hyperidrosis  was  not  mentioned. 

Unilateral  development  of  acne  and  seb¬ 
orrhea  subsequent  to  facial  palsy  on  the  af¬ 
fected  side  was  reported  by  Trufli  (79)  and 
by  Nexmand  (53).  These  are,  indeed,  re¬ 
markable  cases.  But,  as  Nexmand  pointed 
out,  all  iflienomena  could  be  interjireted  by 
indirect  influences,  without  assuming  a  se¬ 
cretory  innervation  of  the  sebaceous  glands. 

A  monumental  work  dedicated  to  the 
problem  of  the  innervation  of  sebaceous 
glands  is  that  of  Serrati  (73).  Working  with 
the  filter-paper  absorption  method,  he  care¬ 
fully  established  normal  values  on  foreheac 
and  forearm  and  subsequently  earned  out 
measurements  on  38  patients  suffering  Bom 
a  variety  of  nerve  diseases.  In  13  patien  s 
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with  postencephalitic  seborrhea  he  found 
three  to  ten  times  increased  sebum  levels  on 
the  forehead,  face,  and  arms.  Apparently, 
there  was  an  increase  all  over  the  body  sur¬ 
face.  In  cases  of  one-sided  extrapyramidal 
damage  the  flow  of  sebum  was  consistently 
greater  on  the  more  involved  side.  In  one 
case  of  unilateral  Parkinsonism  the  fat  levels 
on  the  two  sides  differed  as  much  as  4: 1  on 
the  forearm  and  as  much  as  5: 1  on  the  fore¬ 
head.  That  in  these  cases  hyperidrosis  may 
have  contributed  to  the  increase  of  sebum 
level  can  be  suspected  from  the  note  that  in 
10 out  of  13  cases  the  administration  of  bella¬ 
donna  reduced  the  seborrhea  considerably. 

Similarly  increased  saturation  levels  were 
found  in  cases  of  hemiplegia  (73)  and  in 
pontobulbar  tumors  (73,  60)  on  the  diseased 
side,  and  even  in  trigeminal  and  sciatic  neu¬ 
ralgia  (73).  The  main  objection  to  the  con¬ 
clusion  that  such  observ^ations  would  prove 
the  existence  of  secretory  nerves  to  the  se¬ 
baceous  glands  is  the  intricate  interdepend¬ 
ence  with  sweat  secretion  (pp.  160  and  293). 
Probably  in  all  pathological  cases  cited 
here,  changes  in  sweat  secretion  and  to  a 
lesser  degree  in  vasomotor  innervation  satis¬ 
factorily  explain  the  changes  in  the  amounts 
of  skin  surface  fats. 

The  problem  of  sebaceous-gland  innerva¬ 
tion  has  lately  reappeared  on  the  scene  with 
the  claim  that  emotions  increase  sebaceous- 
gland  activity,  so  as  {possibly  to  imj)ly  direct 
nervous  action  (82,  83,  84,  40).  It  was 
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pointed  out  (67)  that  all  these  findinp  can 
be  well  explained  by  emotional  hyperidrosis 
and  that,  as  long  as  these  results  are  not  re¬ 
produced  in  atropinized  individuals,  they 
cannot  be  accepted  as  proof  of  the  secretory 
innervation  of  sebaceous  glands  and  of  their 
having  cortical  representation.  The  claim 
that  emotions  cause  the  sebum  to  flow  is  by 
no  means  new  (13). 

An  attempt  to  prove  in  another,  indirect, 
way  the  existence  of  a  secretory  innervation 
of  sebaceous  glands,  namely,  by  the  action 
of  drugs  acting  on  the  autonomic  nervous 
system,  has  often  been  made.  The  older 
literature  was  reviewed  by  Cerutti  (13).  On 
the  basis  of  histochemical  findings,  Melczer 
and  Deme  (47)  claimed  that  pilocarpine 
stimulates  sebaceous-gland  activity  (p.  331) ; 
but  others  could  not  find  such  an  effect  (67). 
Doupe  and  Sharp  found  that  denervation  of 
a  skin  area  in  man  has  no  effect  whatsoever 
on  sebaceous  excretion.^ 

The  existence  of  stimulating  and  inhibi¬ 
tory  nerve  impulses  to  the  sebaceous-gland 
cells  will  be  i)roved  satisfactorily  only  by 
physiological  experimentation.  As  long  as 
sudomotor  and  vasomotor  influences  are  not 
excluded  with  certainty  in  the  stimulation  of 
certain  centers  and  or  pathways,  no  conclu¬ 
sions  can  be  drawn. 

5.  J.  Doui:)e  and  AI.  E.  Sharp,  Studies  in  denerva¬ 
tion.  G.  Sebaceous  secretion,  J.  Neurol.  &  Psychiat 
N.S.,  6:133-35,  1943. 
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film.  The  film  appears  to  be  homogeneous"^  changes 

cholesterol  and  wa.x  alcohols.  Considerable  so3  ^  Protects  against 

biological  significance  is  attributed  to  this  bv  virh  "^fecOons  and  infestations 
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biological,  but  not  chemical,  data — the  i)re- 
cursor  of  vitamin  D  (p.  329),  which  is 
transformed  into  vitamin  D  by  ultraviolet 
radiation  of  the  sun;  and,  finally,  it  con¬ 
tains  species-  and  sex-specific  odorous  sub¬ 
stances  involved  in  sexual  attraction  and  in 
recognition  of  the  own  and  foreign  species 
(113). 

The  main  source  of  lipid  material  in  this 
film  are  the  sebaceous  glands.  The  second 
source  is  the  keratinizing  epidermis:  the  in¬ 
visible  horny  lamellae  which  are  steadily 
cast  off  carry  a  great  amount  of  lipid  sub¬ 
stances.  Apocrine  glands  also  excrete  lipid 
droplets.  Whether  the  eccrine  glands  con¬ 
tribute  to  the  maintenance  of  the  fatty  film 
is  rather  doubtful. 

By  definition,  the  term  “sebum”  should 
be  reserved  to  designate  the  product  of  se¬ 
baceous  glands  only.  In  birds  it  is  relatively 
easy  to  obtain  the  pure  product  of  their  se¬ 
baceous  preen  glands  (p.  285).  In  mammals, 
however,  it  is  extremely  difficult  to  separate 
the  sebum  from  the  lipids  deriving  from  the 
horny  layer.  A  remarkable  attemjjt  in  this 
direction  was  made  by  Schmidt-Nielsen, 
Suskind,  and  Taylor  (114).  Conclusions  on 
the  composition  of  pure  human  sebum  were 
drawn  on  the  basis  of  data  derived  from  the 
analysis  of  dermoid  and  sebaceous  cyst  ma¬ 
terials.  However,  the  content  of  such  cysts 
differs  from  the  sebum  freely  expelled  to  the 
surface;  for  instance,  they  do  not  contain 
free  fatty  acids.  Moreover,  one  cannot  be 

II.  PHYSICAL 

Sebum  is  liquid  inside  the  duct  and  hair 
follicle.  It  diffuses  up  and  down  in  the  fol¬ 
licular  canal,  and  after  reaching  the  surface 
it  diffuses  all  over  the  skin  and  also  pene¬ 
trates  between  the  horny  lamellae  of  the 
stratum  disjunctum.  Butcher  and  Parnell 
(11)  found  that  on  the  surface  it  spreads 
primarily  along  the  sulci  between  the  fol 
licular  orifices.^  It  solidifies  at  around  skin 
surface  temperature  (at  about  30°  C.)  and 

1.  Sulzberger  and  Herrmann  found  that  sweat 
droplets  spread  in  the  same  way  (personal  commu¬ 
nication). 


sure  whether  these  cysts  do  or  do  not  con¬ 
tain  lipid  products  of  keratinization. 

One  W'ay  to  study  pure  sebaceous-gland 
excretion  products  in  man  w'ould  be  to  col¬ 
lect  the  lipids  from  palms  and  soles,  wfiich 
have  no  sebaceous  glands,  and  to  compare 
the  composition  of  this  fat  wdth  the  surface 
lipids  from  other  regions.  In  this  w'ay  spe¬ 
cific  products  of  the  sebaceous  glands  may 
be  detected  wfiich  do  not  occur  on  palms  and 
soles  but  are  found  elsewdiere.  Such  differen¬ 
tial  analysis  w'as  attempted  by  Unna  and 
Golodetz  (126,  127).  Apparently,  it  is  very 
difficult  to  keep  palms  and  soles  free  from 
contamination  by  the  easily  flowing  sebum 
of  dorsal  parts  (52),  but  it  does  not  seem  to 
be  impossible  (45).  (Jn  the  other  hand,  any 
conclusions  from  such  differential  data 
would  imply  that  the  products  of  keratiniza¬ 
tion  on  palms  and  soles  are  the  same  as  else¬ 
where,  a  contention  which  has  not  been 
proved. 

It  is  generally  assumed  that  if  the  surface 
fat  has  been  thoroughly  removed  with  fat 
solvents,  the  sebaceous  glands  start  im¬ 
mediately  to  produce  and  excrete  their  prod¬ 
uct  in  considerable  amounts,  while  the  re¬ 
plenishment  of  horny  fat  is  a  rather  slow- 
process  (30,  31).  The  validity  of  this  assump¬ 
tion  may  be  questioned.  But  there  is  some 
probability  that  if  skin  surface  fat  is  col¬ 
lected  early — w-ithin  1—2  hours  after  thor¬ 
ough  defatting,  a  relatively  great  i)art  of 
this  fat  stems  from  sebaceous  glands  (52). 

PROPERTIES 

normally  rests  on  the  skin  and  hair  in  a  semi¬ 
solid  state,  like  a  very  thin  layer  of  a  hydro- 
jjhilic  ointment.  Sebum  has  no  sharp  freez¬ 
ing  point  because  of  the  heterogeneity  of  the 
fatty  mixture  (9),  but  it  becomes  quite  hard 
below  20°  C.  Butcher  and  Coonin  (9)  found 
a  critical  change  in  viscosity  of  human  sur¬ 
face  fats  between  37°  and  28°  C.^  with  a  most 
abrupt  change  from  30°  to  28?5  C.  (lig.  1). 
Such  an  abrupt  change  cannot  be  recog¬ 
nized  from  the  curves  of  Lincke  (fi6)  (Iig- 
2)  Still  the  great  change  in  viscosity  in  the 
range  of  the  physiologically  occurring  tern- 
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peratures  is  clearly  shown  in  both  sets  of 
data  and  obviously  is  of  biological  signifi¬ 
cance  (p.  289). 

With  “freezing”  of  the  sebum,  there  is 
separation  of  liquid  and  solid  phases  (9). 
.\pparently,  such  separation  does  not  occur 
on  the  skin  surface  because  of  the  presence 
of  water  and  the  emulsified  state  of  the 
lipids.  Similarly,  if  surface  fat  is  handled  at 
15°-17°C.,  it  ceases  to  flow  (9),  a  situation 
which  might  be  quite  different  in  the  pres¬ 
ence  of  water.  In  this  connection  it  might 
be  interesting  to  note  that  sebaceous  ma¬ 
terial  as  expressed  from  individual  pores 
contains  from  18  to  27  per  cent  water 
(114). 

The  specific  gravity  of  skin  surface  fat, 
collected  from  the  forehead  and  measured  at 
20°  C.,  was  found  to  be  0.911  (9);  collected 
from  the  trunk,  0.9286  (66).  The  surface 
tension  of  lipids  from  the  trunk  measured  by 
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the  capillary  ascension  method  was  29 
dynes/cm,  and  measured  stalagmometrical- 
ly,  30.5-31.1  dynes/ cm  at  18°C.(66).  Butch- 


MILLIPOISES 

Fig.  1. — Effect  of  temjieralure  on  the  viscosity 
of  human  sebum.  From  Butcher  and  Coonin  (9). 
(Reproduced  by  permission  of  the  Williams  &  Wil¬ 
kins  Compan)'.) 
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er  and  Coonin  (9)  carried  out  measurements 
on  forehead  fat  with  the  capillary  ascension 
method  between  26?5  and  31°  C.  Their  aver¬ 
age  value  was  24.89  dynes/cm. 


Biologically,  the  miscibility  with  water 
and  the  “freezing”  at  low  temperatures  are 
the  most  important  features  of  skin  surface 
fats. 


III.  GENERAL  REMARKS  OxN  CHEMICAL  COMPOSITION 


Chemically,  skin  surface  fats  are  vastly 
different  from  the  fat  of  the  subcutaneous 
tissue  and  of  other  fat  depots  inside  the 
body.  These  depots  consist,  in  the  main,  of 
triglycerides  of  palmitic,  stearic,  and  oleic 
acids,  with  the  admixture  of  only  small 
amounts  of  other  lipid  materials.  Surface 
fats  are  much  more  complex.  In  man,  skin 
surface  fats  contain  free  (nonesterified)  fatty 
acids  and  fatty  acids  esterified  with  choles¬ 
terol,  with  wax  alcohols,  and  with  glycerol. 
They  also  contain  free  cholesterol  and  hydro¬ 
carbons,  one  of  the  important  hydrocarbons 
being  squalene.  The  wool  fat  of  sheep  con¬ 
tains  triterpenoid  alcohols  instead  of  squa¬ 
lene.  It  does  not  contain  glycerol  at  all  (26). 
Somewhat  schematically,  one  may  enumer¬ 
ate  the  characteristics  of  surface  fats  as 
follows: 

1.  Free  fatty  acids  are  present.  These 
acids  are  members  of  homologous  series 
ranging  from  short  to  very  long  chains. 

2.  The  same  series  of  fatty  acids  is  ob¬ 
tained  from  the  esterified  portion  of  skin 


fats. 

3.  Wax  alcohols  and  hydrocarbons  are 
also  represented  in  homologous  series. 

4.  There  are  relatively  few  glycerides 
compared  to  depot  fats,  and  the  unsaponifi- 
able  portion  is  large. 

5.  Only  traces  of  nitrogen  and  phos¬ 


phorus  are  present. 

6  The  fat  mixture  is  hydrophilic.  The 
hydrophilia  is  greater  than  if  it  were  due  to 
the  presence  of  cholesterol  only. 

Microanalytical  data  on  the  average 
composition  of  human  surface  fats  were 
published  by  Zehender  (146)  and  by  Kvor- 
ning  (58).  Analyses  on  a  macroscale  w'ere 
recently  performed  by  MacKenna,  W  heat- 
ley,  and  Wormall  (7,i,  134,  74)  on  surface 
fats  of  the  forearm  of  adult  males,  and  jy 


Nicolaides  and  Rothman  (89)  on  hair  fat  of 
males,  females,  and  children. 

The  quantitatively  most  variable  constit¬ 
uents  are  the  free  fatty  acids.  The  high  val¬ 
ues  of  Nicolaides  (89),  shown  in  Table  1,  are 
probably  due  to  lipolytic  decomjiosition  of 
fatty-acid  esters  during  storage  of  hair  (p. 
313).  The  free  fatty-acid  content  of  rela¬ 
tively  fresh  material  varies  from  20  to  40 
per  cent  of  the  total  fat,  according  to  most 
data  in  the  literature.-  There  is  general 
agreement  on  the  high  content  in  unsaponi- 
fiable  material  (j).  322),  the  average  being 
around  30  per  cent  in  humans  and  up  to  50 
per  cent  in  sheep  (26). 

Data  used  in  fat  chemistry  for  character¬ 
izing  fat  mixtures,  such  as  acid  number, 
iodine  number,  saponification  number,  etc., 
W’ere  often  estimated  in  different  surface 
fats  and  their  fractions.  They  will  not  be  re¬ 
viewed  here,  partly  because  they  were  ob¬ 
tained  from  highly  variable  mixtures  or 
from  not  always  w’ell-defined  fractions  and 
partly  because  since  the  estimations  of  those 
data  important  steps  have  been  made  to¬ 
ward  the  identification  of  homologous  series 
and  single  compounds  in  surface  fats.  It  is 
hoped  that  actual  detailed  chemical  analysis 
will  soon  make  it  superfluous  to  manipulate 
with  ill-defined  fractions. 

As  in  other  areas  of  biochemistry  of  the 
skin,  e.g.,  the  structure  and  physicochemical 
I)roperties  of  keratins,  collagen,  etc.,  indus¬ 
trial  chemistry  look  the  lead  in  the  study  o 
skin  surface  fats  also,  probably  because  of 
the  commercial  significance  of  wool  fat.  Up 
to  recent  times,  hardly  any  work  had  been 
done  in  this  field  l)y  workers  with  primarily 


2  In  recent  anaivses  of  very  fresh  material  Nico- 
.icles  found  extremely  low  free  fat  ty-ac.d  va  ues 
pparently,  the  great  bulk  of  free  j  ) 

Irmed  by  hydrolysis  after  exi)ulsion  of  the  material 

)  the  surface  (unpublished). 
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biological  and  medical  interest.  In  the  last 
ten  years,  however,  this  situation  has 
changed.  Human  skin  surface  fats  have  been 
studied,  and  the  emi)hasis  has  shifted  from 


being  manufactured  and  how  these  bio¬ 
chemical  processes  change  under  different 
physiological  and  pathological  conditions  in 
the  living  organism. 


TABLE  1 

Gross  Composition  of  Human  Hair  Fat  (89) 


Human  Origin 
of  Fat 

How  Fat 
Obtained 

Pooled 

Samples 

Ana¬ 

lyzed 

Per  Cent 
Free 
Fatty 
Acids 

Per  Cent 
Esterified 
Acids 

Per  Cent 
Total 

Acids 

Per  Cent 
Unsaponifi- 
able 

Per 

Cent 

Recov¬ 

ery 

White  boys,  6-12 . 

Cut  hair  extract 

3 

44,6 

16.2 

60.8+  1.0 

36.6+1.3 

97.4 

White  men . 

Cut  hair  extract 

4 

54,6 

14.0 

68.6  +  1.8 

30.0+1.8 

98.6 

White  men  over  65.  .  . 

Cut  hair  extract 

1 

57,2 

12.3 

69.5 

28.6 

98. 1 

Negro  men . 

Cut  hair  extract 

2 

57.2 

13.9 

71.1+0.5 

27.4  +  0.2 

98.5 

White  women . 

Cut  hair  extract 

3 

63.4 

15.3 

78.7  +  0.6 

21.3  +  1.2 

99.  7 

White  women  over  65 . 

Cut  hair  extract 

1 

57.8 

18.1 

75.9 

22.2 

98. 1 

Negro  women . 

Cut  hair  extract 

1 

62.8 

11.8 

74.6 

23.4 

98.0 

White  man  “P” . 

Scalp  wipings 

1 

35 . 6 

35.3 

70.9 

27.4 

98.3 

White  man  “A” . 

Scalp  wipings 

1 

39.8 

30.6 

70.4 

28.2 

98.6 

White  man  “L” . 

Scalp  wipings 

1 

41.2 

27.2 

68.4 

29.8 

98.2 

White  man  “S” . 

Scalp  wildings 

1 

33.1 

32.6 

65.7 

32.4 

98. 1 

^  oung  men* . 

Forearm  t 

30.0 

37.5 

67. 5 

32.5 

*  An  average  of  data  of  MacKenna,  Wheatley,  and  Wormall  (73,  74). 
t  Chloroform  extract  of  fat  obtained  from  immersion  of  forearm  in  acetone. 


analytical  and  physical  chemistry,  useful 
from  an  industrial  jioint  of  view,  to  the  bio¬ 
chemical  and  medical  problems  of  how  and 
where  the  components  of  the  lipid  film  are 

FAT 

A.  FREE  AND  COMBINED  ACIDS 

Tatty  acids  occur  on  the  skin  surface  in 
the  free  state  and  esterihed  with  glycerin 
with  wax  alcohols,  and  with  sterols.  The 
relative  percentage  of  free  fatty  acids  in  the 
total  fatty  mixture  is  variable.  One  reason 
for  the  variability  jirobably  is  that  fat  de¬ 
posited  on  the  skin  surface  may  undergo 
lipolysis  under  the  influence  of  lijiolytic  en¬ 
zymes  derived  from  bacteria  and  fungi  on 
the  skin  and  in  the  atmosphere,  and  pos- 
sibly  of  lipases  of  cutaneous  origin  (p.  331). 
Xicolaides  (89)  observed  in  my  laboratory 
that  if  hair  is  stored,  the  free  fatty-acid 
fraction  of  the  hair  fat  increases  with  the 
length  of  storage  time.  Pooled  skin  surface 
tat  of  any  source  seems  to  have  a  higher  free 
acid  content  than  does  fresh  material  from 


Since  most  available  data  on  skin  are  con¬ 
cerned  with  sheep  and  man,  we  shall  deal 
mainly  with  these  two  species,  pointing  out 
some  of  the  remarkable  species  diflerences. 

'Y  ACIDS 

single  individuals  (146).  Also  it  was  found 
that  the  acid  number  increases  and  the 
amount  of  esterihed  acids  decreases  with 
the  time  elapsing  after  a  bath  (12).  There¬ 
fore,  for  estimation  of  the  amount  of  free 
fatty  acids,  only  freshly  excreted  material 
should  be  analyzed.  There  can  be  little 
doubt  that  skin  surface  fats  do  contain  some 
free  acids  when  they  arrive  at  the  surface. 
But  It  IS  not  known  whether  they  are  pri- 
mar}  products,  i.e.,  acids  which  were  never 
esterhed,  or  whether  they  have  been  formed 
from  esters  by  hydrolysis  below  the  surface. 
They  may  well  derive  from  hydrolytic  de¬ 
composition  of  phospholipids  (p.  489). 

In  wool  fat  the  amount  of  free  acids  is 
almut  n  per  cent  of  the  total  weight  of  the 
at  (135).  It  seems  to  be  considerably  higher 
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in  man.  MacKenna  et  at.  (73)  obtained  an 
average  of  30  per  cent  from  the  surface  fat 
of  the  forearm,  and  similar  or  higher  values 
were  obtained  by  Nicolaides  (89)  from  the 
fat  of  freshly  cut  hair  and  from  wipings  of 
the  scalp  24  hours  after  washing.®  Surpris¬ 
ingly  low  values  (an  average  of  17  per  cent) 
were  obtained  by  Lincke  (66),  who  col¬ 
lected  material  by  extracting  underwear. 

If  the  material  is  fresh  and  taken  under 
controlled  conditions  with  a  standardized 
time  elapsing  after  the  last  defatting,  stand¬ 
ardized  procedure  of  fat  removal,  stand¬ 
ardized  area,  etc.,  it  seems  that  the  per- 

TABLE  2* 

COMPARISON  OF  FREE  AND  ESTERI- 
FiED  Acid  Fractions 


Acid 


Below  Ci4 
Cl4 
Cl5 

Cl6 

C,7 

Cl8 

Above  Ci8 


Fatty  Acids 
from  Neutral 
Fraction 
(Per  Cent) 

Free  Fatty- 
Acid  Fraction 
(Per  Cent) 

2.7 

5.8 

7.2 

9.5 

7.5 

6.0 

31.8 

36.0 

6.6 

6  0 

26.5 

23.0 

17.0 

14.5 

*  Weitkamp,  Smiljanic.  and  Rothman,  unpub¬ 
lished. 


centage  of  free  fatty  acids  and  the  acid 
number  are  fairly  constant  in  the  same 
vidual  (146,  41).  More  or  less  characteristic 
individual  differences  seem  to  exist  (146, 41). 
If  the  influence  of  any  factor  on  the  excre¬ 
tion  of  free  fatty  acid  is  to  be  examined,  it 
should  be  done  on  the  same  individual  or  the 
same  group  of  individuals  in  pre-experi- 
mental  and  experimental  periods. 

After  removing  the  free  fatty  acids,  the 
remaining  fat  mixture,  usually  called  the 


3  In  my  publication  on  the  fungistatic  action  of 
free  fatty  acids  on  the  scalp  (106),  only  6  per  cent 
free  fatty  acids  were  reported.  It  was  thought  (  , 

59)  that  these  values  are  unreliable  because  the  hair 
was  collected  from  barber-shop  sweepings.  Actua  - 
ly  in  that  work  we  did  not  attempt  an  exhaustive 

extraction  of  free  fatty  acids  being  ^ 

in  the  biological  properties  of  the  free  acid  fractio 

but  not  in  its  quantity. 


“neutral  fat  portion,”  can  be  saponified, 
whereby  the  esterified  acids  are  liberated. 
The  total  amount  of  these  combined  acids 
is  44  per  cent  in  wool  fat  (135).  In  man  the 
following  data  were  obtained:  30-40  per 
cent  (32),  34-57  per  cent  (146),  average  36 
per  cent  (73),  average  32.5  per  cent  (134), 
average  38  per  cent  (89).  It  appears  that 
there  is  an  inverse  relationship  between  the 
percentages  of  free  and  esterified  acids: 
where  the  amount  of  free  acids  is  high,  the 
amount  of  esterified  acids  is  low,  and  vice 
versa  (Table  1). 

From  the  biological  point  of  view  it  is  im¬ 
portant  that  the  same  acids  occur  in  both 
the  free  and  the  esterified  state.  Free  and 
bound  acids  belong  to  the  same  homologous 
series  and  have  approximately  the  same 
relative  distribution  of  the  single  members 
within  the  series  (Table  2).  It  might  be  as¬ 
sumed,  therefore,  that  in  the  process  of  se¬ 
bum  formation  there  is  either,  first,  a  syn¬ 
thesis  of  free  fatty  acids  which  undergo 
partial  esterification,  with  some  of  the  fatty 
acids  remaining  free;  or,  instead,  all  fatty 
acids  become  esterified  and  part  of  them  are 
hydrolyzed  into  free  acids  and  alcohols. 


B.  THE  FATTY-ACID  SERIES 
OF  WOOL  FAT 


d’he  old  literature  on  the  fatty-acid  series 
of  wool  fat  has  often  been  reviewed  (104, 
130,  38),  more  recently  in  great  detail  by 
Truter  (124).  Older  data  on  the  isolation  and 
identification  of  single  compounds  became 

obsolete  when  Weitkamp  (135)  in  194a 
demonstrated  that  there  are  four  homolo¬ 
gous  series  of  fatty  acids  in  wool  fat  (Table 


The  first  series  comprises  nine  straight- 
hain  saturated  acids  with  only  even-num- 
lered  carbon  atoms  from  Cio  to  Ge,  viz., 
apric  (decanoic),  lauric  (dodedanoic),  my- 
istic  (tetradecanoic),  palmitic  (hexadeca- 
loic),  stearic  (octadecanoic),  arachidic  (eiko- 
anoic),  behenic  (docosanoic),  tetracosaiioic, 
,nd  cerotic  (hexacosanoic).  Several  of  these 
Lcids  were  isolated  from  wool  fat  before 
Aeitkamii’s  work,  such  as  myristic  pal- 
nitic,  stearic,  and  cerotic  (104,  26).  Drum- 
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mond  and  Baker  (26)  found  cerotic  par¬ 
ticularly  richly  represented. 

The  second  series  of  acids  found  by  \\  eit- 
kanip  comprises  two  2-hydroxy  acids,  one 
with  14  and  one  with  16  carbon  atoms. 
The  latter  comj)ound  is  identical  with 
the  lanopalmitic  acid  (C16H32O3)  first 
described  by  Darmstiidter  and  Lifschiitz 
(17)  and  recovered  from  wool  fat  also 
by  Kuwata  and  Ishii  (57).  The  presence 
of  a  “lanoceric”  hydro.xy  acid  (C30  or  C32) 
was  also  confirmed  (57,  71).  According  to 
Truter  (124),  these  hydroxy  acids  probably 


Li pid  Surface  Film 

fied  in  vertebrates.  However,  the  C20  rnem- 
ber  of  this  series  had  previously  been  iso¬ 
lated  from  wool  fat  by  Abraham  and  Hil- 
ditch  (1). 

The  fourth  group  rejmesents  the  largest 
number  of  members,  namely,  twelve,  all 
having  their  branching  methyl  group  on  the 
second  next  to  the  last  carbon  atom  (anteiso 
series).  All  the  members  have  odd-numbered 
carbon  atoms,  from  C9  to  C31. 

These  novel  findings  of  Weitkamp  were 
important  steps  toward  a  better  understand¬ 
ing  of  the  biochemical  [)rocesses  taking 


TABLE  3 

Fatty  Acids  Isolated  from  Wool  Fat  (135) 


Homologous  Series 

General  Formula 

n 

No.  of 

C  .Atoms 
(Even 
or  Odd) 

Isolated 
Members 
of  Series 

1.  Normal  fatty  acids . 

CH3— (CH2)2„— COOH 

4-12 

Even 

Cio— C26 

2.  2-hydroxy  acids . 

CH:,— (Cl  l2)2«-i— CH— COOH 

6-  7 

Even 

C14-C16 

OH 

3.  Isoacids  with  methyl  side 
chain  in  penultimate  position 

CH3— CH— (CH2)2„— COOH 

CH3 

2-11 

Even 

C10-C28 

4.  Anteisoacids  with  methyl 
side  chain  in  antepenulti¬ 
mate  position . 

CH3— CH2— CH-(CH2)2n— COOH 

CH3 

Odd 

Cg-Csi 

- - - 

form  diesters  in  wool  fat,  the  -OH  group 
being  linked  with  an  acid  and  the  -COOH 
group  with  an  alcohol.  In  a  more  recent 
analysis  Horn,  Hougen,  and  Von  Rudloff 
(48)  found  that  nearly  30  per  cent  of  the 
fatty  acids  are  hydroxylated.  The  normal 
a-hydroxy  acid  derivatives  of  lauric  (C12), 
myristic  (C14),  palmitic  (Cie),  and  stearic 
(Cis)  were  isolated  and  quantitatively  esti¬ 
mated. 

The  third  series  comprises  ten  branched- 
chain  acids  with  even  numbers  of  carbon 
atoms  between  Cio  and  C28.  The  branching 
methyl  group  in  this  series  branches  off  from 
the  carbon,  which  is  next  to  the  last  in  the 
cha,in  away  from  the  carboxyl  group.  Such 
series  of  isoacids  were  not  previously  identi- 


place  in  sebaceous  glands.  The  following 
points  are  particularly  noteworthy: 

1.  It  became  clear  that  single  compounds 
are  not  synthesized  in  a  random  fashion  but 
that  complete  homologous  series  are  built  by 
the  glands.  It  is  true  that  some  members  are 
present  in  much  larger  amounts  than  others, 
indicating  a  greater  ease  of  manufacturing 
certain  chain  lengths,  for  instance,  C14  and 
C16  in  the  first  and  second  series.  But,  never¬ 
theless,  the  homologous  series  are  complete 
throughout.  Abraham  and  Hilditch  (1)  were 
inclined  to  assume  that  there  is  a  certain 
pre  erence  for  chains  with  5  carbons  or 
mu  tiples  thereof  (particularly  C20,  C30) 
and  hypothesized  that  this  is  because  the 
acids  are  built  of  isoprene  fragments  (p. 
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326).  This  hypothesis  had  to  be  abandoned 
in  the  light  of  W’eitkamp’s  tindings. 

2.  For  the  sheep’s  skin  it  is  easier  to  build 
even-numbered  carbon  chains  with  some 
carbon  skeletons  and  odd-numbered  carbon 
chains  with  other  skeletons. 

3.  All  members  of  the  fourth  (anteiso) 
series  have  odd  numbers  of  carbon  atoms. 
Prior  to  these  findings  it  was  generally  as¬ 
sumed  that  chains  with  odd  numbers  of 
carbon  atoms  do  not  occur  in  natural  fats, 
except  the  short  Ci,  C3,  and  C5  chains.  The 
explanation  for  nature’s  preference  for  the 
production  of  even-numbered  chains  has 
been  that,  in  tissue  catabolism,  carbon 
chains  are  decomposed  into  2-carbon  frag¬ 
ments  and  that  in  the  anabolic  phase  the 
new  compounds  are  built  up  from  these  2- 
carbon  breakdown  products.  This  concept 
has  been  greatly  supported  by  experiments 
with  radioactive  isotopes.  From  \\  eitkamp’s 
work  it  appears  that  skin  surface  fats  con¬ 
stitute  an  important  exception  to  the  rule  of 
the  exclusive  formation  of  even-numbered 


carbon  chains.  So  far,  skin  fats  are  the  only 
fatty  products  in  the  mammalian  body  con¬ 
taining  a  considerable  proportion  of  com¬ 
pounds  with  odd  numbers  of  carbon  atoms. 
How  this  is  achieved  is  obscure.  Earlier  as¬ 
sumptions  that  synthesis  may  start  from  3- 
or  5-carbon  fragments  cannot  be  applied  to 
W'eitkamp’s  Cn,  C13,  C19,  C21,  C23,  and  C31 
chains.  One  may  assume,  however,  that  se¬ 
baceous  glands  possess  the  (enzymatic?) 
ability  to  oxidize  the  a-carbon  atom  of  even 
acids,  with  subsequent  decarboxylation. 
The  other  possibility  is  that  very  long  even- 
numbered  carbon  chains  are  first  built  and 
that  then  they  are  broken  into  equal  or  un¬ 
equal  fragments  with  odd-numbered  carbon 

atoms  (p.  322).  ,  •  i  fU  t 

4.  The  increase  in  the  chain  length  to  31- 

carbon  atoms  in  the  anteiso  series  is  again  a 
unique  feature.  Chains  longer  than  Cis  c  o 
not  occur  or  occur  only  i" 
animal  fats.  These  long  chains  illustra  e 
best  the  point  that  sebum  is  not  simply 
formed  by  uptake  of  fat  from  the  blood 
stream  but  is  the  result  of  a  highly  specific 
synthetic  process  (104). 


5.  The  shape  of  branching  of  the  carbon 
skeleton  in  the  iso  series  corresjionds  to 
that  of  valine, 

)>CH.CH  (NH2)  -COOH 
H3C 

and  in  the  anteiso  series  to  that  of  isoleucine, 
CH3CH2CH-CH  (NII2)  -COOH 
CH3 

Possibly  the  synthesis  of  the  iso-  and  anteiso- 
acids  starts  from  these  amino  acids  after 
deamination. 

6.  The  branched-chain  homologous  series 
of  acids  are  species-specific.  Or,  at  least,  so 
far  they  have  been  shown  to  occur  only  in 
sheep.  They  certainly  are  not  present  in  hu¬ 
man  skin  surface  fats  (see  below).  From  the 
preen  glands  of  ducks  some  branched-chain 
fatty  acids  were  isolated  (137);  but,  while 
the  branching  of  the  C7  acid  corresponded 
with  that  of  the  anteiso  series,  the  next  mem¬ 
ber  could  not  be  identified  as  such.  Also  a 
branching  Cis  acid  was  found  to  be  present 
in  preen-gland  oil  (137),  but  the  position  of 
the  branch  could  not  be  established. 

7.  Branched-chain  fatty  acids  were 
known  to  occur  in  bacteria,  such  as  the 
tubercle  bacillus  (3),  Pseudomonas  tumefa- 
ciens  (128,  129),  and,  interestingly,  also  in 
microorganisms  with  antibiotic  potency, 
such  as  the  polymyxins  (13).  Their  occur¬ 
rence  in  the  mammalian  organism  has  been 
a  novel  finding. 

As  Truter  (124)  pointed  out,  Weitkamp 
did  not  deal  with  the  unsaturated  acids  of 
wool  fat.  Truter  found  that  about  15  per 
cent  of  the  total  acids  are  unsaturated.  It 
has  often  been  claimed  that  fatty  acids  of 
low  molecular  weight  occur  in  wool  fat.  The 
presence  of  the  monobasic  acids,  butyric, 
isovaleric,  and  caproic  (18);  of  the  dibasic 
acids,  succinic  and  glutaric  (90);  and  of  the 
hydroxy  acid,  lactic  (36),  was  reported. 
Whether  these  acids  derive  from  sebaceous 
Ldands,  from  horny  material,  or  from  apo¬ 
crine  or  eccrine  sweat  glands  is  not  known. 
Lactic  acid  is  a  characteristic  product  of  ec- 
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crine  glands  (p.  210)  but  not  of  the  others,  in  the  lower  members  can  possibly  be  ex- 
In  spite  of  the  great  biological  significance  plained  by  the  peculiar  position  of  the  dou- 
of  these  compounds,  little  attention  has  been  ble  bond  in  the  higher  members  (h  ig.  3).  In 
jiaid  to  them  in  modern  biochemical  litera-  the  unsaturated  comjjounds  most  of  the 
ture.  (Concerning  citric  acid  see  p.  475.)  T\BI  E  4 


C.  THE  F.VTTY-.VCID  SERIES  OF  HUMAN 
HAIR  FAT 

There  is  only  one  homologous  fatty-acid 
series  in  human  hair  fat,  a  series  of  normal, 
straight-chain  monobasic  fatty  acids  (136). 
With  the  exception  of  Cig  and  C21,  all  mem¬ 
bers  with  even  and  odd  numbers  of  carbon 
atoms  from  C?  to  C22  were  isolated  and  iden¬ 
tified  after  fractional  amplified  distillation 
of  their  methyl  esters  (136).  Again,  as  in 
wool  fat,  the  chain  lengths  C14,  Cie,  and  Cis 
are  predominant  (Table  4),  but  the  others 
are  also  present  in  measurable  amounts,  and 
some  of  the  odd-numbered  members,  such 
as  the  Ci5  and  Cn  acids,  contribute  a  con¬ 
siderable  fraction  to  the  total.  Odd-num¬ 
bered  normal  acids  have  not  been  shown 
previously  to  be  synthesized  in  nature.  They 
are  highly  specific  products  of  human  se¬ 
baceous  glands. 

Both  saturated  and  unsaturated  acids  of 
this  series  were  isolated.  No  unsaturated 


.Approximate  Composition  of  Meth- 
\'L  Esters  of  Free  Fatty  .Acids 
OF  Human  Hair  Fat  (136) 


Carbon 

Atoms 

Per  Cent 

Present 

Per  Cent 
Unsaturated 

7 . 

0.07 

0 

8 . 

0.15 

0 

9 . 

0.20 

0 

10 . 

0.33 

0 

11 . 

0.15 

Trace 

12 . 

3.5 

4  (-2H, 

13 . 

1.4 

3  (-2H) 

14 . 

9.5 

15  (-2H) 

15 . 

6.0 

25  (-2H) 

16 . 

36.0 

50  (-2H) 

17 . 

6.0 

67  (-2H) 

18 . 

23.0 

80  (-2.4H) 

20 . 

8.5 

85  (-2.5H) 

22 . 

2.0 

Bottoms  . 

4.0 

double  bonds  were  situated  between  the 
ninth  and  tenth  carbon  atoms  as  counted 
from  the  last  carbon  which  is  farthest  from 


HOOC— 2=3— C— C— C— C— C— C— C _ 1 1 

HOOC— C— 3=4— C— C— C— C— C— C— C— 12 
HOOC— C— C-4=5-C— C— C— C— C— C— C— 13 

H  OOC — C — C — C — 5=6 — C — C — C — C — C — C _ C _ 1 4 

HOOC  C  C — C — C — 6=7 — C — C — C — C — C — C _ C _ 1 5 

HOOC  C — C — C — C — 6=7 — C — C — C _ C _ C _ C _ C _ C _ 

HOOC-C-C-C-C-6=7-8=9-C-C-C-C-C-C-C-17 

HOOC  C— C— C— C — 6=7—8=9=10 — C — C— C — C — C — C _ C _ 1 8 


fa.  vv:?s;:vXnic::n"  ‘R.:&u6r^ 


acids  were  present  in  the  chain  lengths  C;  to 
Cm,  traces  were  present  in  the  Cn  fraction, 
and,  from  then  on,  the  relative  amount  of 
unsaturated  comjiounds  rapidly  increased 
with  increasing  length  of  the  chain  (Table 
4).  Only  15  per  cent  of  the  Cu  acids  are  un¬ 
saturated;  but  at  the  C20  level  the  propor¬ 
tions  are  already  reversed:  85  per  cent  are 
unsaturated  and  only  15  per  cent  saturated 
The  absence  of  unsaturated  compounds 


the  carbo.xylic  carbon.  If  such  an  acid  is 
split  at  the  double  bond,  one  fragment  will 
always  be  of  the  length  of  9  carbon  atoms 
Ihus,  apparently,  double-bond  formation 
by  sebaceous  glands  is  possible  only  at  chain 
lengths  longer  than  Cm. 

Li  addition  to  monoethenoid  acids  di- 
and  tnethenoid  compounds  (compounds 
wi  h  tMm  and  three  double  bonds)  also  were 
isolated.  The  Cm  fraction  yielded  the  jiro- 
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portions  shown  in  the  accompanying  tabu¬ 
lation. 

Per  Cent  Per  Cent 

Oleic .  80.8  Linolenic. . .  1.8 

Linoleic .  14.8  Stearic .  2.6 

It  is  not  known  whether  those  isomers  of 
linoleic  and  linolenic  acids  are  synthesized 
which  are  known  to  be  essential,  not 
being  synthesized  anywhere  else  in  the  body 
(p.  484).  Possibly  the  observation  of  Smed- 
ley-MacLean  and  Hume  (118)  that  rats  fed 
fat-free  diets  for  a  long  time  have  a  much 
higher  lipid  content  in  their  skins  than  in 
other  organs  may  be  linked  to  the  produc¬ 
tion  of  these  fatty  acids  by  sebaceous 
glands.  Once  these  essential  fatty  acids  are 
present,  fat  can  be  synthesized  from  carbo¬ 
hydrates,  but  not  otherwise  (6)  (p.  684). 


D.  THE  BIOLOGICAL  SIGNIFICANCE  OF  THE 
OCCURRENCE  OF  FATTY  ACIDS  ON 
THE  SURFACE 

Peck  (92)  was  the  first  to  suspect  that  the 
presence  of  low-molecular  free  fatty  acids  on 
the  surface  of  human  skin  may  play  a  role 
in  hindering  the  growth  of  pathogenic  or¬ 
ganisms.  His  work  has  led  to  the  highly 
successful  development  of  fatty-acid  treat¬ 
ment  of  superficial  fungus  infections  of  the 
skin.'*  Peck  thought  that  the  free  fatty  acids 
are  sweat-gland  products  because  he  was 
unable  to  demonstrate  any  fungistatic  ac¬ 
tion  of  sebum  taken  from  sebaceous  cysts. 
Actually,  it  has  been  shown  since  that  no 
free  fatty  acids  are  present  in  the  sebum 
produced  in  cysts  (134),  if  there  is  no  fer¬ 
mentation;  and  obviously  this  is  the  reason 
for  the  inactivity  of  such  material. 

It  is  highly  improbable  that  free  fatty 
acids  are  products  of  eccrine-gland  function. 


4.  See,  e.g.,  M.  B.  Sulzl)erger,  H.  C.  Shaw,  and 

A.  Kanof,  Evaluation  of  measures^  for  use  against 

common  fungous  infections  of  the  skin,  U.S.  Nav^  • 
Bull  ,  45:237-48,  1945;  A.  L.  Shapiro  and  S.  Roth¬ 
man,  Undecylenic  acid  in  the  t^^^tment  of  derma- 
tomycosis,  Arch.  Dermat.  &  ^yph.  52  : 16^71,  1 
T  G  Honkins  J.  K.  Fisher,  A.  B.  Hillegas,  R.  • 
[e,lin.  C.  G.  ReMl,  and  E.  Camp, 
agents  for  treatment  of  dermatophytosis,  J.  Invest. 
Dermat.,  7:239-53,  1946. 


Chemically  no  such  acids  were  isolated  from 
profusely  flowing  sweat,  and  Peck  himself 
obtained  very  modest  fungistatic  action 
from  highly  concentrated  samples  of  sweat. 
It  was  pointed  out  (86)  that  the  most  com¬ 
mon  fungus  infection  in  man,  tinea  pedis,  or 
‘‘athlete’s  foot,”  is  located  exactly  in  those 
areas  where  sebaceous  glands  are  lacking 
but  where  eccrine  sweat  is  abundant.  This 
particular  infection  does  not  spread  beyond 
the  nonsebaceous  areas,  because  the  causa¬ 
tive  fungi  are  too  sensitive  to  the  free  fatty 
acids  produced  by  sebum.  Certainly,  twoi 
pathogenic  species  of  fungi.  Trichophyton 
mentagrophytes  and  T.  pur pureum,  preferen¬ 
tially  colonize  in  areas  which  are  not  sup¬ 
plied  by  sebaceous  glands.  However,  they 
may  acquire  a  limited  resistance  to  fatty 
acids  (86)  and  then  spread  to  sebum-cov¬ 
ered  areas  (102). 

.A  valuable  contribution  to  the  biological 
role  of  fatty  acids  was  made  by  Burtenshaw 
(7),  who  in  painstaking  experiments  demon¬ 
strated  that  free  fatty  acids  on  the  skin  con¬ 
tribute  to  the  so-called  “self-sterilization”  of 
the  skin.  Reviews  on  this  subject  were  pub¬ 
lished  by  Burtenshaw  in  1945  and  1948  (8). 
This  self-sterilization  is  a  rather  incomplete 
one,  since  only  certain  microorganisms  are 
inhibited  on  human  skin  while  others  are 
not.  Furthermore,  the  Pillsbury  group  (95, 
94)  has  shown  that  drying  is  one  of  the  most 
important  factors  in  the  disappearance  of 
bacteria  from  the  skin.  Nevertheless,  the 
data  on  this  limited  bacteriostatic  action  of 
free  fatty  acids,  as  demonstrated  by  Burten¬ 
shaw,  have  remained  valid.  In  an  extensive 
study  Ricketts,  Squire,  and  Topley  (98) 
found  that  both  drying  and  the  presence  of 
unsaturated  fatty  acids  play  a  role  m  the 
disappearance  of  bacteria  from  the  skin  sur¬ 
face:  for  Streptococcus  pyogenes  the  major 
factor  is  the  action  of  unsaturated  fatty 
acids;  for  Pseudomonas  pyocyanea  and  Bac¬ 
terium  coli  the  major  factor  is  drying;  for 
Staphylococcus  aureus  both  unsaturated  fatty 
acids  and  drying  have  a  demonstrable  effect. 

Microsporon  audouini,  the  most  common 
causative  agent  of  ringworm  of  the  scalp  m 
children,  is  about  ten  times  more  sensitive 
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to  the  fungistatic  action  of  fatty  acids  than 
are  other  filamentous  pathogenic  fungi  (97, 
96).  This  infection  clears  spontaneously  (lur¬ 
ing  puberty,  and  the  scalp  of  adults  is  im¬ 
mune  to  it.  Rothman  et  aJ.  (105,  10/,  106), 
studying  the  fungistatic  action  of  hair  fat 
and  its  fractions,  came  to  the  conclusion 


is  unable  to  penetrate  into  the  hair  shaft. 
However,  by  entering  the  follicular  canal 
and  the  horny  layer,  it  prevents  infection  of 
the  new  hair  which  follows  the  old  hair  in 
the  process  of  shedding. 

This  work  was  challenged  by  Kligman 
(54)  on  the  basis  that  he  was  unable  to  du- 
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that  the  cure  in  puberty  and  the  immui 
of  the  scal[)  of  adults  are  due  to  the  [tube 
development  of  sebaceous  glands,  wher 
higher  concentrations  of  the  fungist 
fatty  acids  are  e.xitelled  to  the  surface.  ' 
“adult  tyi)e”  of  hair  fat,  they  found,’/ 
not  kill  the  fungi  within  the  hair  becaus 


plicate  e.xperimental  results  of  Rothman  el 
al.  on  the  gram  per  gram  higher  fungistatic 
action  of  adult  hair  fat  as  compared  with 
that  of  children’s  hair  fat.  He  justly  criti¬ 
cized  the  methods  available  for  quantitative 
measurements  of  fungistatic  action.  How¬ 
ever,  It  was  pointed  out  (101)  that,  even  if 


Physiology  and  Biochemistry  of  the  Skin 


Khgman’s  results  were  conclusive,  the  great 
(about  threefold)  increase  in  the  amount 
of  sebum  during  puberty  (p.  296),  as  Klig- 
man  himself  demonstrated,  should  amply 
suffice  to  raise  the  free  fatty-acid  concentra¬ 
tion  per  surface  area  beyond  the  critical 


which  is  caused  by  the  most  fatty-acid- 
sensitive  fungus  (97,  96). 

Rothman  et  al.  (106)  found  that  the  odd- 
numbered  saturated  fatty  acids — C7,  C9, 
Cii,  and  Ciij — all  occurring  in  human  hair 
fat,  are  more  potent  fungistatic  agents  than 
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Pio.  5.— Minimum  fungistatic  action  of  the  C3  to  C15  odd  numocrcu 
pathogenic  fungi.  (E-  I--  Laden,  unpublished.) 


level  at  which  Micros poron  audouini  is  no 
longer  able  to  thrive.  It  is  rather  suggestive 
that,  among  all  dermatophyte  infections, 
only  Microsporon  audouini  infection  of  the 
scalp  is  known  to  disappear  spontaneously 
during  {)uberty  and  that  it  is  this  in  ection 


their  even-numbered  neighbors.  R.  L- 
Laden,  in  my  laboratory,  studied  the  mini¬ 
mum  fungistatic  concentration  of  norma 
saturated  fatty  acids  with  even  and  od( 
numbers  of  carbon  atoms.  His  unpublished 
results  are  shown  in  Figures  4  and  5. 
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V.  ALCOHOLS 


A.  WAX  ALCOHOLS 

Waxes  are  esters  of  long-chain  fatty  acids 
and  long-chain  aliphatic  alcohols.  A  repre¬ 
sentative  example  is  ceryl  palmitate,  an 
ester  of  the  straight-chain  alcohol  ceryl  alco¬ 
hol,  C26H5;,()H,  and  palmitic  acid.  Ceryl 
palmitate  is  the  main  constituent  of  bees¬ 
wax.  Such  wa.xes  are  not  found  in  vertebrate 
metabolism  except  in  skin  excretions. 

The  first  wax  alcohol  to  be  isolated 
from  skin  surface  fats  was  cetyl  alcohol, 
C16H33OH,  from  sperm-whale  oil.  It  occurs 
there  mainly  in  the  form  of  its  palmitate 
ester  (35).  Later  followed  the  isolation  of 
octadecyl  alcohol,  C18H37OH,  from  the 
preen-gland  excretion  of  water  birds  (99) 
(48  per  cent  of  preen-gland  lipids  is  octadecyl 
alcohol  [137]);  of  eicosyl  alcohol,  C2oH4i()H, 
from  dermoid  fat  of  women  and  tentatively 
from  human  sebum  (70);  and  of  ceryl  alco¬ 
hol,  C26H33OH,  from  wool  fat  (17).  I  have 
summarized  the  older  data  (104).  Newer 
reviews  have  been  published  by  Velluz  and 
Lederer  (130)  and  Truter  (124). 

In  wool  fat  the  presence  of  the  Cig,  C20, 
C22,  C24,  and  C26  normal  (straight-chain) 
saturated  alcohols  was  recently  demon¬ 
strated  by  Tiedt  and  Truter  (123).  In  addi¬ 
tion,  data  are  accumulating  which  show  that 
not  all  wax  alcohols  in  wool  fat  are  straight- 
chain  and  monovalent  alcohols.  Kuwata  and 
Katuno^  found  an  octadecyl  alcohol  with  a 
melting  point  different  from  that  of  normal 
octadecyl  alcohol.  They  also  isolated  a  glycol 
(an  alcohol  with  two  hydroxyl  groups)  with 
the  tentative  structural  formula  C21H40 
(0H)2,  which  they  called  “lanyl  alcohol.” 
Horn  and  Hougen  (47)  reported  on  the  pres¬ 
ence  in  wool  fat  of  a  series  of  dihydroxy  al¬ 
cohols  with  chain  lengths  C,6,  Cis,  C20,  C22, 
and  C24.  All  these  alcohols  were  l:2-diols. 
Indirect  evidence  suggested  that  they  have 
branched  chains,  i)robably  a  single  methyl 
branch,  as  happens  also  in  the  iso  and  ante- 

5.  T.  Kuwata  and  M.  Katuno,  Wool  wax.  IV 
Two  new  alcohols  in  wool  wax,  J.  Soc.  Chem  In- 
dust.  Japan,  41:227-28,  1938.  Quoted  in  Chem 
Abstr.,  32:9536,  1938. 


iso  series  of  acids  (p.  315).  This  has  been 
confirmed  recently  by  Murray  and  Schoen- 
feld  (87),  who  isolated  ten  branched-chain 
alcohols:  six  anteisoalcohols  of  odd  carbon 
number,  C17-C27,  and  four  isoalcohols  of 
even  carbon  number,  C2o~C26.  The  great 
similarity  in  structure  of  acids  and  alcohols 
in  wool  fat  is  certainly  striking.  Recently, 
Von  Rudloff  (109)  succeeded  in  separating 
monovalent  and  bivalent,  straight-chain 
and  branched-chain,  alcohols  of  wool  fat  by 
combining  chromatographic  methods  with 
the  urea-separation  method. 

On  human  sebum  little  work  has  been 
done  as  yet  toward  isolation  of  single  wax 
alcohols.  From  human  dermoid  cysts  Dim- 
ter  (19)  isolated  six  of  the  saturated  mono¬ 
valent  normal  alcohols,  all  with  even-num¬ 
bered  carbon  atoms,  viz.,  myristyl,  C14; 
cetyl,  Cie;  octadecyl,  Cis;  eicosyl,  C20;  doco- 
syl,  C22;  and  carnaubyl,  C24,  alcohols.  Mac- 
Kenna,  Wheatley,  and  \\  ormall  (74)  found 
a  saturated  alcoholic  substance  in  the  un- 
saponifiable  fat  of  the  forearm  skin  surface 
which  appeared  to  them  to  be  eicosyl  alco¬ 
hol,  though  not  characterized  to  their  com¬ 
plete  satisfaction.  In  our  laboratory  Nico- 
laides  (89)  separated  the  wax  alcohols  of 
human  hair  fat  chromatographically.  His 
fraction  consisted  chiefly  of  straight-chain 
compounds  as  determined  by  urea-adduct 
formation.  There  were  saturated  as  well  as 
unsaturated  compounds,  the  relation  being 
about  4  to  1.  The  alcohols  formed  a  homolo¬ 
gous  series  ranging  from  Cie  to  C26,  as  deter¬ 
mined  by  mass  spectrometry.  Odd-  as  well 
as  even-numbered  compounds  were  present, 
the  former  in  much  smaller  amounts.  These 
alcohols  were  all  primary  alcohols,  as  deter¬ 
mined  by  infrared  spectroscopy.  The  aver¬ 
age  molecular  weight  was  294,  correspond¬ 
ing  to  an  average  chain  length  of  about  C20. 
Children’s  hair  fat  had  about  half  as  much 

wax  alcohols  as  did  that  of  either  men  or 
women. 

I  he  available  data  on  wax  alcohols  in 
skin  surface  fats,  though  scanty,  permit  one 
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conclusion,  namely,  that  the  series  of  al¬ 
cohols  closely  corresponds  to  that  of  acids. 
In  wool  fat  only  even-numbered  normal 
acids  and  only  even-numbered  normal  al¬ 
cohols  were  found,  and  the  branched-chain 
iso-  and  anteisoacids  correspond  to  similar 
alcohols.  In  human  surface  fat  the  whole 
series  of  straight-chain  and  odd-numbered 
normal  acids  are  present,  and  so  are  the 
normal  alcohols.  Even  the  prevalence  of 
single  members  in  the  alcohol  and  in  the  acid 
series  seems  to  match  fairly  well. 

Of  course,  this  matching  is  not  perfect.  In 
Nicolaides’  human  hair  fat  the  average 
molecular  weight  of  the  crude  alcohol  por¬ 
tion  was  294,  while  the  molecular  weight  of 
acids  calculated  from  neutral  equivalents 
average  about  270.  This  indicated  about  two 
more  carbons  for  the  alcohols,  a  difference 
confirmed  by  mass  spectrographic  analysis. 

In  the  past  it  was  assumed  that  acids  and 
alcohols  are  built  simultaneously  from  the 
same  carbon  skeleton,  so  that  an  aldehyde 
is  formed  first  (91,  104),  and  then  acid  and 
alcohol  are  formed  from  the  aldehyde  by  the 
Cannizaro  reaction,  which  is  effected  by  the 
enzyme  aldehyde-mutase: 

O  ,0 

R.c(  +R-CH20H 

OH 

Aldehyde  Acid  Alcohol 

If  this  mechanism  operates  at  all,  it  cannot 
be  the  sole  mechanism.  It  would  imply  equi- 
molecular  quantities  of  acids  and  alcohols, 
and  this  is  obviously  not  the  case. 

Since  the  discovery  of  hydrocarbon  chains 
as  long  as  C40  in  human  hair  fat  (p.  329),  a 
new  possibility  is  that  these  long-chain 
hydrocarbons  are  formed  first  from  frag¬ 
ments  with  an  even  number  of  carbon 
atoms.  These  could  possibly  then  oxidize  at 
the  centers  directly  to  esters. 


surface  fats  is  not  yet  finally  established. 
Drummond  and  Baker  (26)  found  that  in 
wool  fat  only  a  small  proportion  is  present  in 
the  free  state.  The  recent  work  of  Nicolaides 
(unpublished)  strongly  suggests  that  in  hu¬ 
man  sebum  all  wax  alcohols  are  esterified. 
He  was  unable  to  demonstrate  the  presence 
of  any  free  wax  alcohols  in  hair  fat.  He  finds 
that  apparently  only  glycerides  are  split 
when  hair  fat  is  stored.  Fatty  acids  are  not 
liberated  either  from  waxes  or  from  choles¬ 
terol  esters. 

The  wax  alcohols  are  listed  throughout 
the  literature  as  part  of  the  “unsaponifiable” 
matter.  In  the  light  of  the  above  findings, 
this  expression  might  be  misleading  to  the 
nonchemist.  The  unsaponifiable  matter  is 
defined  as  all  the  material  which,  after 
saponification  of  a  fat  mixture,  can  be  taken 
up  in  fat  solvents  from  the  aqueous  solution 
of  soaps  and  glycerol  (such  as  hydrocarbons, 
longer-chain  alcohols,  aldehydes,  ketones, 
sterols).  Wax  alcohols  and  cholesterol  go 
into  the  unsaponifiable  portion,  no  matter 
whether  originally  they  were  esterified  or 
not.  Actually,  waxes  and  cholesterol  esters 
are  saponifiable :  they  are  split  into  alcohol 
and  acid  by  the  saponification  procedure. 
Still  these  alcohols  are  parts  of  the  unsaponi¬ 
fiable  fraction.  Clearly,  the  unsaponifiable 
fraction  should  not  be  taken  as  a  measure  of 
nonesteric  unsaponifiable  compounds  but 
as  a  measure  of  fat-soluble  material  which 
remains  after  saponification  and  after  re¬ 
moval  of  fatty  acids. 

B.  STEROLS  (35) 

1.  Sterols  in  General 

Sterols  are  crystalline  alcoholic  sub¬ 
stances  found  in  the  unsaj)onifiable  matter 
of  plants  and  animals.  They  consist  of  a 
saturated  i)henanthrene  ring  system,  having 

O 


,  Enzymatic  oxidation  rA  TT  P  ' 

R-CH2-CH2-R' - -  R-C-0-CH2-R 


with  R  and  R'  being  either  odd  or  even  ah- 
phatic  chains.® 

In  what  proportion  the  wax  alcohols  oc¬ 
cur  in  esterified  and  in  free  form  in  the  skin 


6.  This  possibility  has  become  improbable  since 
Nicolaides  has  found  very  much  less  straigh  t-chained 
saturated  hydrocarbon  in  freshly  excreted  hair  fat 
(personal  communication). 
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an  additional  five-membered  ring  fused  to  it. 
Most  of  the  sterols  contain  27-29  carbon 
atoms,  with  one  secondary  alcohol  group. 
Some  are  completely  saturated;  others  have 
one,  two,  or  three  double  bonds.  Cholesterol 
(C27H45()H)  (Fig.  6)  is  the  principal  sterol 
of  the  animal  organism  and  is  found  in  all 
cells.  Its  ring  system  has  an  8-carbon  side 
chain  attached  to  C17,  two  angular  methyl 
groups  at  C18  and  C19,  one  secondary  alcohol 
group  at  C3,  and  one  double  bond  between 
C5  and  Ce. 

In  all  tissues,  cholesterol  is  accompanied 
by  a  saturated  derivative — dihydrocholes¬ 
terol  or  3-iS-cholestanol  (C27H47OH).  It  dif- 


recently  isolated  by  Nicolaides  (unpub¬ 
lished).  It  constitutes  about  1.2  per  cent  of 
the  total  sterol  fraction. 

The  presence  in  wool  fat  of  an  “oxycho- 
lesterol”  (Lifschutz,  64;  older  literature 
quoted  in  104  and  66)  with  two  alcoholic 
-OH  groups  was  not  confirmed  (80).  There 
is  a  cholesterol  oxide  in  wool  fat  which  gives 
a  strong  Lifschutz  reaction  (115),  but  it  is  a 
7-ketocholesterol  and  is  not  a  natural  prod¬ 
uct  but  probably  arises  from  oxidation  by 
air  (16).  The  occurrence  of  an  isomer  of  cho¬ 
lesterol,  “metacholesterol”  (Lifschutz,  64, 
104),  could  not  be  confirmed  (141,  142). 
Lederer  et  al.  (16)  found  in  wool  fat  two  ad- 
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Fig.  6. — Cholesterol 


fers  from  cholesterol  only  by  the  absence  of 
the  double  bond.  Like  cholesterol,  it  is 
precipitated  by  digitonin;  and,  therefore,  in 
all  gravimetric  estimations  of  cholesterol, 
which  are  based  on  this  precipitation,  the 
estimated  amount  of  “cholesterol”  has  to 
be  regarded  as  the  total  amount  of  choles¬ 
terol  and  dihydrocholesterol. 

In  wool  fat  the  participation  of  dihydro¬ 
cholesterol  in  the  total  “cholesterol  frac¬ 
tion”  is  unusually  high.  Whereas  in  most 
tissues  only  1-8  per  cent  of  the  sterol  is 
present  in  the  form  of  dihydrocholesterol, 
Schbnheimer  et  al.  (115)  found  in  wool  fat 
18.9  per  cent  of  the  digitonin-precipitable 
material  to  be  saturated  sterols.  Mohs  (80) 
and  Lederer  et  al.  (16),  however,  reported 
only  9  and  8  per  cent  saturated  sterols  re¬ 
spectively,  in  wool  fat.  In  human  skin  sur¬ 
face  fats  the  3-^-dihydro  derivative  was 


ditional  cholesterol-ketones,  one  still  un¬ 
identified  but  the  other  a  7-ketone  with  an 
additional  double  bond  between  3  and  4, 

or,  cholesta-3:5-dien-7-ketone. 

Fieser  (34)  recently  discovered  a  new 
sterol  which  accompanies  cholesterol  in 
many  fats.  This  compound,  A^-cholestenol, 
which  he  terms  “lathosterol,”  was  found  to 
be  present  to  the  extent  of  2.97  per  cent  in 
wool  fat.  The  same  sterol  was  isolated  from 
rat  skin  tissue  by  Baumann  et  al.  (50)  (p, 

487).  Besides  this  sterol,  7-dehydrocholes- 
terol  IS  present  (140). 

MacKenna  et  al.  (74)  found  an  unchar- 
acterized  sterol  other  than  cholesterol  in  the 
unsaponifiable  fraction  of  human  skin  fat 
fmm  the  forearm;  this  sterol  was  not  pre- 
cipitable  with  digitonin  and  was  thought  to 
be  /-hydroxy cholesterol. 

Nicolaides  (unpublished)  found  in  human 
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hair  fat  three  sterols  besides  cholesterol. 
The  first  is  dihydrocholesterol,  mentioned 
before,  and  is  found  to  accompany  choles¬ 
terol  in  the  ether  eluate  when  the  unsaponi- 
fiable  portion  is  chromatographed  on  alu¬ 
mina.  The  second  was  found  in  the  methanol 
eluate.  It  probably  is  7-hydroxycholesterol 
and  behaves  in  all  respects  like  MacKenna’s 
sterol.  It  is  a  “fast-acting”  sterol  (85),  which 
means  that  it  yields  a  rapidly  developing 
color  in  the  Liebermann-Burchard  test.  The 
third,  also  a  fast-acting  sterol,  precedes  cho¬ 
lesterol  in  the  chromatogram  of  the  un- 
saponifiable  (benzene  eluate)  and  is  pre- 
cipitable  with  digitonin.  It  is  present  in  very 
small  amounts. 


2.  Cholesterol 


Cholesterol  and  its  esters  are  present  in 
all  skin  surface  fats  hitherto  examined.  It 
was  noted  early  (70)  that  the  cholesterol 
content  of  surface  fats  is  greater,  the  more 
chance  there  is  during  collection  for  an  ad¬ 
mixture  of  fat  from  horny  lamellae.  Linser 
(70)  stated  that  relatively  pure  sebaceous- 
gland  material,  with  little  admixture  of 
horny  material,  such  as  the  contents  of  se¬ 
baceous  cysts  and  of  dermoid  cysts,  con¬ 
tains  insignificant  amounts  of  cholesterol, 
whereas  atheromata,  with  much  horny  ma¬ 
terial  in  them,  have  a  high  cholesterol  con¬ 
tent.  Unna  and  Golodetz  (126,  127)  went  so 
far  as  to  distinguish  “secretion  fats”  with  a 
low,  and  “cell  fats”  with  a  high,  cholesterol 
percentage.  They  found,  for  instance,  2.8 
per  cent  cholesterol  in  “comedone  fat” 
(whiteheads)  and  19.62  per  cent  cholesterol 
in  the  fat  of  the  horny  layer  of  the  soles. 
When  Rdhmann  (99)  was  unable  to  find 
cholesterol  in  the  sebum  of  preen  glands, 
which  was  regarded  as  the  purest  “sebaceous 
material,”  it  was  thought  that  possibly  se¬ 
baceous  glands  do  not  excrete  cholesterol  at 


all  (104). 

This  extreme  view  could  not  be  substan¬ 
tiated.  The  presence  of  cholesterol  in  preen 
glands  was  reporte<l  qualitatively  l>y 
(49)  and  quantitatively  by  Weitzel  (137)  as 
constituting  1.4  per  cent  of 
Histochemical  reactions  for  cholesterol  were 


claimed  to  be  positive  in  mammalian  seba¬ 
ceous  glands  (p.  331).  Nevertheless,  it  ap¬ 
pears  to  be  correct  that  the  major  part  of 
cholesterol  and  its  esters  in  skin  surface  fats 
derives  from  the  disintegrating  cornifying 
cells  and  that  the  cholesterol  content  of 
“pure  sebum”  is  low. 

In  normal  horny  cells  of  the  soles  and  in 
scales  collected  from  patients  with  exfolia¬ 
tive  diseases,  18-23  per  cent  of  the  total 
lipids  are  cholesterol  (29,  32),  while  in  skin 
surface  fats,  which  contain  both  sebaceous- 
gland  and  horny-cell  lipids,  the  concentra¬ 
tion  of  cholesterol  is  only  3-4  per  cent. 
There  is  more  cholesterol  on  visibly  scaling 
skin  surfaces  than  on  normal  skin  (75). 
Butcher  and  Parnell  (10),  gathering  sebum 
from  the  forehead  after  letting  it  accumulate 
for  1  week  so  that  plenty  of  horny  fat  could 
have  been  amassed  (p.  310),  obtained  the 
highest  cholesterol  values  from  an  individual 
with  “much  dandruff.”  Kirk  (53),  who 
found  sebaceous-gland  secretion  greatly  de¬ 
creased  in  old  women  (p.  297),  obtained 
very  high  cholesterol  values  in  these  old 
women’s  specimens  because,  as  he  interprets 
it,  sebaceous-gland  function  has  decreased 
but  horny-scale  formation  has  not.  Further¬ 
more,  it  seems  that  the  longer  one  leaves 
surface  fats  on  the  skin,  the  higher  will  be 
their  cholesterol  content,  possibly  because 
gland  excretion  ceases  when  saturation  has 
been  reached  (pp.  288  ff.),  while  keratiniza- 
tion  continues  independently  of  the  satura¬ 
tion  mechanism.  This  is  well  substantiated 
in  the  observation  of  Marchionini  and  Ot- 
tenstein  (76):  the  maximum  cholesterol  level 
on  the  skin  surface  is  reached  only  4-5  days 
after  a  bath.  In  contrast,  sebaceous-gland 
excretion  comes  to  a  standstill  in  3  hours  or 
so.  Similar  data  were  recently  reported  by 
Carrie  also  (12).^ 

Thus  there  can  be  little  doubt  that  the 
cholesterol  content  of  skin  surface  fats  de- 
I)ends  to  a  great  extent  on  the  proportion  in 
which  sebaceous  glands  and  horny  layer 
particii)ate  in  producing  the  lipid  film.  \\  hen 

7.  .'\n  extensive  critical  review  of  all  data  on  the 
cholesterol  content  of  human  skin  surface  fats  was 
published  by  Lincke  cl  at.  (69;  see  also  66,  67). 
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sebum  is  excreted  at  a  rapid  rate,  the  cho¬ 
lesterol  content  of  the  surface  film  is  slow.® 
When  keratinization  is  accelerated,  the  cho¬ 
lesterol  content  of  the  1dm  is  high.  W  ith  re¬ 
gard  to  the  hai)hazard  nature  of  the  propor¬ 
tion  of  sebum  and  keratin  production,  the 
long  list  of  quantitative  data  on  the  choles¬ 
terol  content  of  the  film  will  not  be  enumer¬ 
ated  here.  One  can  hope  for  consistent  re¬ 
sults  only  if  one  analyzes  relatively  freshly 
excreted  sebum  soon  after  defatting  of  the 
surface.  It  is  j)robable  that  such  fat  contains 
little,  if  any,  horny-layer  fat,  because  seba¬ 
ceous  excretion  goes  on  at  a  faster  rate  than 
keratinization  does. 

There  is  a  significant  age  difference  in  the 
cholesterol  content  of  surface  fats  in  man. 
Eckstein  (28)  found  9-12  per  cent  in  chil¬ 
dren’s  and  1-5  per  cent  in  adults’  hair  fat. 
Similar  differences  were  found  by  W'ashburn 
and  Liese  ( Lid)  and  by  Nicolaides  and  Roth¬ 
man  (88).  The  differences  are  too  great  and 
too  consistent  to  be  attributed  to  chance; 
and  that  they  are  due  to  varying  hormonal 
constellations  in  the  child  and  adult  was 
proved  when  it  was  shown  that  a  hypogonad 
male  had  cholesterol  values  in  the  children’s 
range  (11.5  i)er  cent)  and  that  this  high 
value  drop})ed  to  7.6  per  cent  after  testoster¬ 
one  treatment  (133).  The  relation  of  cho¬ 
lesterol  to  squalene  content  according  to  age 
is  discussed  on  page  328.  There  is  no  detect¬ 
able  sex  difference  in  the  cholesterol  content 
of  surface  fats  (53,  98,  73,  133,  88). 

Feeding  of  cholesterol  in  large  doses  in¬ 
creases  its  relative  and  absolute  amounts  in 
skin  surface  fats  (104).  It  seems  that  if  there 
is  an  excess  supply,  the  regular  metabolism 
of  breakdown  and  resynthesis  is  by-passed, 
and  surplus  cholesterol  is  taken  up  from  the 
blood  by  sebaceous  glands  and  excreted 
without  being  metabolized  (104).'-^ 

8.  See  also  the  recent  i)ublication  of  H.  Eincke, 

BeitraR  zur  Chemie  des  llautfettes.  III.  Der  Talg- 
Cholesterinspiegel,  .\rch.  f.  Dermat.  u.  Syph  195- 
540-48,  1953.  • 

9.  The  cholesterol  content  of  surface  lipids  is  not 

modified  by  acne  vulgaris  in  involved  areas  (R.  L. 
Kile,  F.  H.  Snyder,  and  J.  \V.  Haefele,  Nature  of 
skin  hpids  in  acne.  Arch.  Dermat.  &  Svnh  61- 
792-98,  1950).  '  ’’ 


Because  cholesterol  on  the  surface  de¬ 
rives  to  a  great  extent  from  cornifying  cells, 
variations  in  the  relation  of  the  free  to  the 
esterified  fraction  reflect  variations  in  the 
keratinization  process  rather  than  changes 
in  sebaceous-gland  function.  The  esterifica¬ 
tion  of  cholesterol  in  the  epidermis  in  the 
course  of  keratinization  will  be  discussed  on 
page  486. 

According  to  most  data,  a  considerable 
portion  of  cholesterol  is  esterified  in  surface 
fats.  In  the  hair  fat  of  rats  the  esterified 
fraction  amounts  to  20  per  cent  of  the  total 
(27) ;  in  human  hair  fat,  to  60  per  cent  (89) ; 
and  in  wool  fat,  to  about  60  per  cent.^°  On 
the  nonhairy  skin  surface  the  percentage  of 
esterified  cholesterol  was  over  60  per  cent 
when  measured  by  “dialyzing”  the  skin 
with  fat  solvents  (75,  51),  and  it  was  35  per 
cent  in  ether  wipings  of  the  normal  skin  of 
the  trunk  (103). 

The  ester/total  cholesterol  relationship 
does  not  change  in  normal  persons  if  5-10 
gm.  of  cholesterol  are  fed  by  mouth  (51),  an 
indication  that  the  esterification  of  choles¬ 
terol  is  an  intrinsic  function  of  the  skin  (p. 
486).  However,  this  cutaneous  esterification 
seems  to  be  under  endocrine  influence. 
Lincke  (68)  found  that,  after  feeding  choles¬ 
terol  to  rabbits  in  which  thyroid  function 
was  suppressed  by  large  doses  of  thiouracil, 
the  esterification  quotient  was  much  lower 
than  in  normal  animals.  In  man,  I  found 
that  in  psoriatic  individuals  the  ratio  free/ 
esterified  cholesterol  in  the  surface  film  of 
uninvolved  skin  is  pathologically  low  (103). 

C.  GLYCEROL 

The  preen-gland  fat  of  ducks  contains 
only  1.5  per  cent  glycerol  (137),  and  wool 
fat  contains  none  (26).  Its  occurrence  in 
human  skin  surface  fat  as  glyceride  was 
demonstrated  by  Zehender  (146)  in  material 
from  the  forehead  and  by  Maclvenna  et  at. 
(73)  in  material  from  the  forearms.  The 
latter  calculated  that  about  25  per  cent  of 
the  total  surface  fat  is  triglycerides.  The 
calculatons  of  Kvorning  (58)  suggested 

15:13-16,35,68-71,1945. 
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even  more  glycerides:  when  assuming  that 
glycerol  is  present  as  tristearate,  he  found 
that  50  per  cent  of  the  total  lipid  weight 
was  accounted  for  by  triglycerides.  Kvor- 
ning,  however,  manipulated  extremely  small 
amounts  of  sebum,  and  his  data  should  be 
rechecked  on  a  macroscale. 

In  my  laboratory  Nicolaides  (unpub¬ 
lished)  found  0.71  per  cent  glycerol  in  the 
fat  from  one  sample  of  stored  hair,  which 
corresponds  to  about  7  per  cent  triglycer¬ 
ides.  However,  three  other  samples  gave  an 
average  value  of  only  0.17  per  cent,  cor¬ 
responding  to  about  1.7  per  cent  triglycer¬ 
ides.  Subcutaneous  fat,  which  is  nearly  all 
triglyceride,  contains  about  10  per  cent 
glycerol.  The  low  value  of  glycerides  found 
is  probably  due  to  lipolytic  hydrolysis  dur¬ 
ing  storage.  If  the  hair  is  extracted  after 
hydrolysis  has  occurred,  the  free  glycerol 
will  not  be  taken  up  by  the  fat  solvents  dur¬ 
ing  extraction  of  the  hair,  since  glycerol  is 
insoluble  in  these  solvents. 

D.  TRITERPENOID  ALCOHOLS 

In  a  more  restricted  sense  the  term  “ter- 
pene”  is  used  to  designate  compounds  with 
10  carbon  atoms  derived  from  the  basic 
formula  CioHie.  These  hydrocarbons  occur 
mainly  in  essential  oils  of  plants.  Terpenes 
have  a  distinct  architectural  and  chemical 
relation  to  the  simpler  isoprene  (or  isopen- 
tene)  molecule,  CsHs: 

CH3 

CH2=C-CH=CH2 

Three  terpene  molecules  or  6  isoprene  units 
connected  form  triterpenes  with  the  general 
formula  C30H48.  Compounds  having  a  more 
distant  connection  with  terpenes  but  still 
containing  features  which  link  them  to  ter¬ 
pene  structures  are  called  “terpenoids”  or 
“isoprenoids,”  in  analogy  with  the  term 
“steroid,”  which  includes,  in  addition  to 
sterols,  more  remotely  connected  relatives 
(40). 

In  a  remarkably  painstaking  study  from 
1870  to  1873  E.  Schulze  (116)  isolated  a 
hitherto  unknown  substance  from  wool  fat. 


In  addition  to  characteristic  cholesterol 
crystals  in  the  unsaponifiable  portion,  he 
noted  gelatinous  flocks,  which  he  separated 
from  cholesterol  by  preparing  the  respective 
benzoic  acid  esters.  He  regarded  the  new 
material  as  closely  related  to  cholesterol  and 
called  it  isocholesterol.”  The  findings  of 
Schulze  have  often  been  confirmed,  and  dif¬ 
ferent  methods  have  been  recommended  for 
the  preparation  and  purification  of  “isocho¬ 
lesterol”  (65,  26,  37).  Relatively  early,  some 
doubt  was  expressed  as  to  whether  “isocho¬ 
lesterol”  was  a  well-defined  single  chemical 
compound  (100);  but  the  first  thorough  and 
successful  analysis  was  made  as  late  as  1930 
by  Windaus  and  Tschesche  (143),  who  con¬ 
clusively  demonstrated  that  “isocholes¬ 
terol”  is  not  a  chemical  individual  but  a 
mixture. 

They  isolated  two  substances  from 
“pure”  isocholesterol:  (a)  lanosterol,  with 
the  empirical  formula  C30H50O,  and  (b) 
agnosterol,  with  the  empirical  formula 
C30H48O,  lanosterol  constituting  about  92 
per  cent  and  agnosterol  about  8  per  cent  of 
“isocholesterol.”  Further  work  (144,  22,  23, 
77)  confirmed  and  enlarged  these  findings. 
The  empirical  formulae  containing  30  car¬ 
bon  atoms  indicated  that  neither  compound 
is  isomeric  with  cholesterol,  which  contains 
27.  The  data  rather  pointed  toward  a  rela¬ 
tionship  with  some  resin  alcohols  of  plant 
origin  belonging  to  the  group  of  triterpenes. 
The  crucial  experiments  were  made  by  H. 
Schulze  (117)  and  by  Doree  and  Petrow 
(25),  who  obtained  from  lanosterol  the  char¬ 
acteristic  reduction  product  of  triterpenes. 

Ruzicka  and  his  co-workers  (112,  111, 
110),  further  analyzing  isocholesterol,  found 
that,  in  addition  to  lanosterol  and  agno¬ 
sterol,  it  also  contains  a  dihydro  derivative 
and  an  optical  isomer  of  lanosterol :  dihydro- 
lanosterol  and  7-lanosterol.  The  latter  is 
identical  with  dihydroagnosterol,  which  was 
prepared  earlier  liy  Marker  et  at.  (77).  A 
sur[)rising  finding  has  been  tliat  diliydro- 
lanosterol  proved  to  be  identical  with  the 
dihydro  derivative  of  kryptosterol  (110),  a 
triterjienoid  compound  isolated  by  H.  \\  ie- 
land  (139)  from  yeast. 
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After  extensive  chemical  work  over  a  pe¬ 
riod  of  many  years  (5,  LSS,  132)  it  is  now 
definitely  established  (131,  15)  that  lano- 
sterol  has  the  same  ring  structure  as  choles¬ 
terol.  Its  secondary  alcohol  group  can  be 
oxidized  to  a  ketone  group,  so  that  lano- 
stenone  results,  in  analogy  to  the  formation 
of  cholestenone  from  cholesterol.  On  chem¬ 
ical  grounds,  Ruzicka  (131)  has  lately  classi¬ 
fied  lanosterol  as  belonging  to  the  steroids 
rather  than  to  the  triterpenoids. 

Since  squalene  has  been  isolated  from 
human  skin  surface  fats  (p.  328),  the  simi- 


IJpid  Surface  Film 

cholesterol  is  achieved  by  loss  of  an  angular 
methyl  group  at  position  14  and  two  more  at 
1  (the  numbering  here  employed  is  not  that 
customarily  given  for  cholesterol  see  p. 
323)  (145). 

The  occurrence  of  lanosterol  and  related 
compounds  in  skin  surface  fats  is  restricted 
to  a  few  species  of  ruminants,  viz.,  sheep, 
goat,  llama,  and  dromedary  (63).  None  was 
found  in  cattle,  rabbits,  and  man  (63,  24, 
74).  It  is  a  specific  metabolic  product  of  the 
skin,  not  found  in  the  internal  organs  of 
sheep  (62). 


Structural  formula  of  squalene 
(145),  C30H50 


Structural  formula  of  lanosterol 
(131),  C30H50O 


Fig.  7. — Squalene  and  lanosterol 


larity  between  the  structures  of  lanosterol 
and  squalene  deserves  particular  attention, 
because  these  are  two  substances  which 
were  isolated  in  considerable  amounts  from 
wool  fat  and  from  human  skin  surface  fat, 
respectively  (Idg.  7).  Comparison  of  the 
two  structures  indicates  that  lanosterol  can 
be  regarded  as  a  cyclization  product  of 
squalene,  with  the  substitution  of  an  alcohol 
group  in  position  2.  Only  the  transfer  of  one 
methyl  group  from  position  9  in  squalene 
into  position  13  in  lanosterol  has  to  be  postu¬ 
lated,  which  could  weW  be  effected  by  way  of 
a  methylene  bridge  (145). 

further  biologically  important  {loint  is 
the  close  relationshiji  of  lanosterol  to  choles¬ 
terol.  Conversion  to  the  carbon  skeleton  of 


Much  emphasis  has  been  placed  on  the 
species-specificity  of  the  alcohols  here  de¬ 
scribed  (63,  62,  61,  134,  74).  It  is  indeed  re¬ 
markable  that  such  large  amounts  occur  in 
the  hair  fat  of  some  species  and  are  entirely 
absent  in  others.  Still  it  should  be  pointed 
out  that  the  components  of  “isocholesterol” 
are  closely  related  to,  or  identical  with, 
cyclization  products  of  squalene  and  that 
the  specificity  of  the  biochemical  synthesis 
in  the  sheep  is  restricted  to  the  ability  of  its 
skin  to  form  alcohols  of  the  basic  common 
skeleton,  while  the  same  skeleton  remains  a 
group  of  hydrocarbons  in  the  skin  and  hair 
fats  of  humans.  Traces  of  “isocholesterol” 
were  found  by  Sobel  (119)  in  human  der¬ 
moid  fat. 
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VI.  HYDROCARBONS 


A.  SQUALENE 

Squalene  is  an  aliphatic  acyclic  hydro¬ 
carbon  with  the  empirical  formula  C30H50. 
It  consists  of  six  isoprene  units  (Fig.  7). 
This  compound  was  first  isolated  from  the 
unsaponifiable  fraction  of  the  liver  oil  of 
sharks  (Squalidae)  in  1916  (125),  but  it  was 
not  until  1926  that  its  chemical  constitution 
was  established  (42).^^  Since  then  it  has  been 
shown  that  squalene  is  present  not  only  in 

TABLE  5 


Squai.ene  in  Sebum  and  Sebum¬ 
like  Materials 


Author 

Material 

Per  Cent 
Squalene 
in  Total 
Lipid 
(Av. 
Values) 

Human  dermoid  fat 

11.4 

Sobel  (119).  ..  . 

1  Human  hair  fat 

3.9 

i  Human  cerumen 

5.5 

MacKenna  et  al. 

(Human  smegma 

1.0 

(73) . 

Human  sebum  from 
forearm 

5.0 

Nicolaides  et  al. 

Tluman  hair  fat,  adult 
males 

5.5 

Human  hair  fat,  adult 

6.0 

(88) . 

females 

Human  hair  fat,  boys 

1.4 

6-12  years 

fish-liver  oil  but  also  in  many  vegetable  oils 

(122). 

Dimter  (19)  was  the  first  to  show  that 
squalene  is  produced  by  the  skin  in  man, 
when  he  isolated  it  from  the  unsaixmifiable 
fraction  of  human  ovarian  dermoid  cysts.  He 
showed  that  squalene  is  a  primary  product 
of  these  cysts  and  is  not  formed  secondarily 
by  chemical  manijiulations.  Dimter  was  un¬ 
able  to  find  squalene  in  the  normal  human 
organism,  although  he  searched  for  it  in 

11.  This  formula  was  confirmed  by  synthesis  in 
1931  by  Karrer  c/  al.  (P.  Karrer  and  A.  Ilelfenstcun 
Synthese  des  Squalcns,  Helvet.  chim.  acta,  14:7 

85,  1931). 


depot  fat,  in  blood  serum,  and  in  the  liver 
fat  of  feti  and  adults. 

Recently,  the  presence  of  squalene  was 
demonstrated  in  normal  skin  surface  fats  of 
humans.  Sobel  (119)  found  it  in  human  hair 
fat,  human  cerumen,  human  smegma,  and 
in  horse  smegma  (Table  5).  MacKenna, 
Wheatley,  and  Wormall  (73)  isolated  it  from 
skin  fats  of  the  human  forearm.  In  addition 
to  unchanged  squalene,  analy.ses  indicated 
the  presence  of  cyclized  derivatives  of  squa¬ 
lene  (119,  74);  but  so  far  their  structures 
have  not  been  elucidated  (73). 

Since  its  discovery  in  fish-liver  oil,  there 
has  been  extensive  discussion  as  to  whether 
squalene  may  be  regarded  as  a  precursor  of 
cholesterol  during  its  biosynthesis.  Only 
recently  was  conclusive  evidence  jiresented 
by  Langdon  and  Bloch  (60)  that  squalene  is 
converted  into  cholesterol  by  the  animal 
organism.  Nicolaides  and  Rothman  (88) 
found  that,  while  in  children  the  cholesterol 
content  of  hair  fat  is  about  three  times 
greater  than  in  adults  (p.  325),  squalene, 
just  the  opposite,  is  three  to  four  times 
higher  in  the  adult  than  in  children.  Thus,  if 
squalene  is  an  obligatory  intermediate  in  the 
biosynthesis  of  cholesterol,  children  carry 
out  the  synthesis  much  more  efficiently  than 
adults.  The  cholesterol  to  squalene  molar 
ratio  was  found  to  be  twelve  to  eighteen 
times  as  high  in  children  as  it  is  in  adults 
(88).'2 

A  higher  homologue  of  squalene,  called 
“hejiene,”  was  found  in  human  livers  by 
Dimter  (20)  and  was  considered  as  the  pos¬ 
sible  aliphatic  precursor  of  cholesterol  (120). 
Dimter  (20)  found  an  increase  in  hepene  and 
a  decrease  in  cholesterol  in  the  liver  of  adult 
organisms,  as  conqiared  with  the  young, 
changes  resembling  those  observed  in  hu¬ 
man  hair  fat;  and  similar  findings  were  re¬ 
corded  concerning  the  squalene  content  of 
the  shark-liver  oil  in  the  young  and  adult. 

12.  For  synthesis  of  cholesterol  by  skin  tissue  see 
chap.  20,  ]).  487. 
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Thus,  api)arently,  the  higher  efficiency  of 
the  juvenile  organism  in  converting  squa- 
lene  into  cholesterol  appears  to  be  a  general 
phenomenon  (88). 

While  no  “isocholesterol”  is  found  in  hu¬ 
man  skin  fats,  no  squalene  or  only  traces  of 
squalene  (119)  are  found  in  wool  fat.  These 
species  differences  remind  one  of  the  sj^ecies 
differences  in  fatty  acids.  Indeed,  it  seems 
that  the  chemical  composition  of  sebaceous- 
gland  and  other  skin  products  shows  more 
striking  species  differences  among  mammals 
than  that  of  any  other  organ  or  organ  prod¬ 
uct. 

B.  OTHER  HYDROCARBONS 

Wool  fat  contains  about  1  per  cent  hydro¬ 
carbons  (124);  and  Lederer  (130)  showed 
that  this  is  not  an  accidental  contamination 
of  the  fat  but  a  primary  product  of  sheep’s 
skin.  The  hydrocarbon  content  of  human 
skin  surface  fats  is  much  higher  than  that, 
and  again  there  is  little  doubt  that  these 
hydrocarbons  are  natural  products  manu¬ 
factured  by  the  human  skin. In  the  analyses 
of  Wheatley  (134)  the  total  amount  of  hy¬ 
drocarbons  in  the  surface  fat  of  the  forearm, 
excluding  squalene  and  cyclization  products 
of  squalene,  is  7. .5  per  cent.  MacKenna, 
Wheatley,  and  W'ormall  (74)  isolated  a 
saturated  hydrocarbon  with  the  molecular 
weight  of  428,  which  approximately  cor¬ 
responds  with  a  chain  length  of  C30. 


Lipid  Surface  Film 

Hydrocarbons,  other  than  squalene,  could 
be  demonstrated  also  in  hair  fat  collected 
from  the  scalp.  According  to  the  analyses  of 
Nicolaides  (89) ,  straight-chain  and  branched- 
chain  saturated  hydrocarbons  are  present. 
The  straight-chain  portion,  isolated  by  the 
urea-separation  method,  was  found  to  be  a 
homologous  series  by  mass  spectrography. 
The  chain  lengths  of  the  members  of  this 
series  have  not  yet  been  definitely  estab¬ 
lished.  One  sample  gave  a  series  ranging 
from  Ci5  to  C40,  with  odd  as  well  as  even 
members  present.  These  results,  however, 
require  further  confirmation.  No  unsatu¬ 
rated  straight-chain  compounds  have  been 
found.  The  branched-chain  saturated  hydro¬ 
carbons  have  not  yet  been  worked  up. 
The  branched-chain  unsaturated  compounds 
were  found  to  have  lower  iodine  values  than 
squalene,  thus  indicating  the  presence  of 
compounds  other  than  squalene.  A  satu¬ 
rated  hydrocarbon  with  a  molecular  weight 
corresponding  to  C40  was  reported  to  occur 
in  forearm  sebum  by  Festenstein  and  Mor¬ 
ton  (33). 

A  most  interesting  hydrocarbon  giving  an 
immediate  Liebermann-Burchard  color  re¬ 
action,  first  isolated  by  Dimter  (21)  in  hu¬ 
man  serum,  was  detected  in  human  skin 
surface  fat  by  MacKenna  et  al.  (74)  and  was 
isolated  by  Nicolaides  (89).  This  compound 
might  be  an  intermediate  in  the  conversion 
of  squalene  to  cholesterol  (21). 


\'II.  VITAMINS  AND  VITAMIN  PRECURSORS 


A.  PRO-VITAMIN  D 


The  occurrence  of  vitamin  D  precursors 
in  skin  surface  fats  was  postulated  since  it 
has  been  known  that  ultraviolet  irradiations 
cure  rickets.  A  great  number  of  biological 
experiments  supi)orted  the  view  that  vita¬ 
min  D  is  formed  on  the  skin  surface  or  in  the 
most  superficial  skin  layers  from  its  pre¬ 
cursors  by  ultraviolet  light  and  is  absorbed 
through  the  skin.  The  experiments  of  Hou 
on  ducks  were  mentioned  on  page  285.  Pro¬ 
vitamin  1)3  (7-dihydrocholesterol)  was  iso- 


13.  .According  to  recent 
external  contamination  is  sti 


analyses  of  Nicolaides, 
11  a  ])ossibility  (see  n.  6). 


lated  from  pig  skin  by  Windaus  and  Bock 
(140)  and  from  chicken  skin  by  Koch  and 
Koch  (55).  Helmer  and  Jansen  (43)  showed 
that  irradiated  human  sebum  has  antira¬ 
chitic  properties.  However,  nobody  has  suc¬ 
ceeded  as  yet  in  demonstrating,  directly  by 
chemical  means,  the  firesence  of  vitamin  I) 
precursors  either  in  wool  fat  or  in  human 
skin  surface  fats.  In  wool  fat  its  presence 
was  claimed  by  Hess,  Weinstock,  and  Hel- 
man  (46),  but  this  was  found  to  be  erroneous 
by  Drummond  and  Baker  (26). 

In  human  skin  a  claim  has  been  made  for 
the  presence  of  ergosterol,  which  is  a  pre- 
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occur  in  animals  (44).  The  recent  thorough 
investigations  of  MacKenna’s  group  (74,  vh^) 
leaves  little  doubt  that  the  known  precur¬ 
sors  of  vitamin  D  cannot  be  demonstrated  in 
human  skin  surface  fats  by  chemical  or 
physical  means.  The  discrepancy  in  the  re¬ 
sults  of  biological  experimentation  and 
chemical  analyses  is  puzzling.  MacKenna 
et  al.  (74)  consider  the  possibility  of  the 
existence  of  a  hitherto  unknown  pro-vitamin 
D.  They  have  some  support  of  their  view  in 
having  isolated  a  substance  somewhat  simi¬ 
lar  to  7-a-hydro.xycholesterol,  the  reactions 
of  which  are  similar  in  some  respects  to  the 
known  D  pro-vitamins  but  differ  in  other 
respects. 

B.  VITAMIN  A  AND  PRECURSORS 

A  similar  problem  presents  itself  in  regard 
to  vitamin  A  and  its  precursor,  jS-carotene. 
Cornbleet  and  Popper  (14)  were  unable  to 
demonstrate  the  presence  of  vitamin  A  in 
human  skin,  and  their  negative  results  were 
confirmed  by  MacKenna  et  al.  (74)  and  by 
Festenstein  and  Morton  (33)  also  concern¬ 
ing  jS-carotene.  Vitamin  A  is  required  for  the 
maintenance  of  normal  epidermal  cell  life 
(p.  382),  and  it  is  not  feasible  that  it  should 


not  reach  the  epidermis.  The  probability  is 
that  it  is  present  in  a  masked  (conjugated?) 
form,  in  which  it  escapes  chemical  demon¬ 
stration.  That  vitamin  A  does  occur  in  a 
chemically  undetectable  form  has  been 
known. 

C.  VITAMIN  E 

In  their  first  publication  MacKenna  et  al. 
(73)  reported  on  the  presence  of  significant 
amounts  of  vitamin  E  in  human  skin  surface 
fats.  But  later  they  found  (74,  33)  that  most 
of  the  ferric  chloride-reducing  substances  in 
sebum  are  different  from  vitamin  E  and  that 
probably  not  more  than  0.2  mg/gm  sebum 
is  a-tocopherol.  These  authors  presented 
supporting  evidence  for  the  view  that  the 
substances  reducing  ferric  chloride  may 
serve  as  antioxidants  in  sebum.  Feeding 
tocopherols  to  persons,  they  did  not  obtain  a 
significant  increase  of  ferric  chloride-reduc¬ 
ing  substances  in  the  surface  fats. 

D.  OTHER  VITAMINS 

No  vitamin  K  and  none  of  the  water- 
soluble  vitamins  could  be  demonstrated  on 
the  human  skin  surface  of  the  forearm  when 
this  was  bathed  in  acetone  (74,  33).  For 
vitamin  B  factors  in  the  aqueous  surface 
film  see  chapter  7,  page  211. 


VIII.  HISTOCHEMICAL  OBSERVATIONS 


The  progressive  fatty  metamorphosis  in 
sebaceous  glands  can  be  followed  with  a 
great  number  of  different  fat  stains.  1  he 
accumulation  of  fat  globules  follows  a  cer¬ 
tain  pattern,  and  Suskind  (121)  found  that 
this  pattern  is  grossly  exaggerated  when  se¬ 
bum  excretion  is  pathologically  augmented, 
as  it  is  in  acne  vulgaris  and  chlorine  acne. 

Attempts  to  identify  single  lipid  com¬ 
ponents  in  sebaceous-gland  cells  and  in  se¬ 
bum  by  histochemical  reactions  have  often 
been  made,  but  in  spite  of  painstaking  work 
and  accurate  observations  no  conclusive  re¬ 
sults  have  been  obtained.  All  authors  have 
emphasized  the  limitations  in  the  histo¬ 
chemical  differentiation  of  lipids  (104,  121, 

83). 


Montagna  et  al.,  studying  sebaceous 
glands  of  rats  (83),  hamsters  (82),  and  hu¬ 
man  glands  of  the  external  ear  canal  (84), 
described  the  presence  of  phospholipids  in 
the  ])eripheral  matrLx  cells  of  sebaceous- 
gland  acini  and  their  gradual  disappear¬ 
ance  with  a  progressing  fatty  infiltration. 
Suskind  (121)  confirmed  these  findings 
for  human  sebaceous  glands  and  observed 
that  the  phospholipids  are  linked  with  cyto- 
f)lasmic  granules  and  rodlets,  presumably 
Clolgi  bodies  or  mitochondria.  Previously, 
Melczer  and  Deme  (78)  had  postulated  that 
the  Clolgi  bodies  play  a  role  in  the  glandular 
activity  of  sebaceous  glands  and  described 
in  great  detail  the  morphological  changes 
which  these  bodies  undergo  as  the  cells  be- 
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come  infiltrated  with  fat  globules.  Essen¬ 
tially,  there  is  a  disintegration  into  a  granu¬ 
lar  mass. 

If  these  histochemical  findings  are  ac¬ 
cepted  as  indicating  the  destruction  of  phos¬ 
pholipids  during  sebum  formation,  one  can 
state  that  this  jjrocess  is  analogous  to  what 
happens  during  keratinization.  The  active 
matrix  cells  are  rich  in  phospholipids,  but 
in  the  course  of  their  natural  life-cycle, 
which  ends  with  their  death,  these  phospho¬ 
lipids  disappear  (p.  488).  Phospholipids  are 
not  present  in  skin  surface  fats. 

Melczer  thought  that  sebaceous  glands 
are  stimulated  by  the  injection  of  julocar- 
pine  and  noticed  that  in  such  “stimulated” 
glands  the  formation  of  the  first  phases  of 
the  Golgi  bodies,  the  so-called  “presub¬ 
stance,”  is  greatly  augmented.  Similarly, 
Suskind  (121)  found  that  the  granules  and 
rodlets  are  increased  in  number  in  hyperac¬ 
tive  glands  of  acne  vulgaris  and  chlorine 
acne. 

Except  for  phospholipids,  no  other  chem¬ 
ical  constituents  could  be  identified  con¬ 
clusively.  Glycerides  with  unsaturated  fatty 
acids  and  cholesterol  esters  were  tentatively 
identified  (83,  121).  The  presence  of  free 
cholesterol  in  normal  glands  could  be  ex¬ 
cluded  with  fair  certainty,  because  no  digi- 
tonin-precii)itable  anisotropic  material  was 
found  (83).  However,  free  cholesterol  seems 
to  be  present  in  comedones  and  in  acne  cysts 
(121);  in  such  lesions  cholesterol  and  its 
esters  are  probably  epidermal  rather  than 
glandular  jwducts  (p.  324). 

On  the  basis  of  histochemical  findings, 
Melczer  and  Deme  (79)  postulated  the  pres¬ 
ence  of  three  different  layers  of  lii)ids  in  the 
acini :  an  outer  layer  composed  of  fatty  acids, 
a  middle  zone  of  long-chain  aliphatic  alco¬ 
hols,  and  an  inner  layer  of  neutral  fats;  they 
thought  that  these  three  layers  fused  when 
the  material  arrived  in  the  duct.  It  was 
thought,  however  (83,  121),  that  such  a  de¬ 
tailed  interpretation  of  otherwise  most  re¬ 
markable  histochemical  findings  depends  on 


too  many  uncertain  and  questionable  as¬ 
sumptions. 

That  sebum  contains  fluorescent  ma¬ 
terial  was  demonstrated  histochemically 

(83). 

Rather  contradictory  results  were  ob¬ 
tained  concerning  the  histochemical  demon¬ 
stration  of  enzymes.  Sebaceous  glands  have 
abundant  alkaline  phosphatase  in  the  rat 
(83),  but  there  is  only  a  little  in  the  hamster 
(82)  and  none  in  man  (121).  Acid  phos¬ 
phatase  was  found  in  the  glands  of  the 
hamster  (82).  The  presence  of  phosphatases 
in  the  basal  cells  would  account  for  the  de¬ 
composition  of  phospholipids  wdth  liberation 
of  fatty  acids. 

Signs  of  lipase  activity  were  seen  in  seba¬ 
ceous  glands  of  mice  (56)  and  of  hamsters  in 
the  cells  undergoing  breakdown  and  in  the 
sebum  (82).  But  none  or  only  traces  were 
found  in  the  rat  (83)  and  in  man  (39). 

The  histochemistry  of  the  preen  gland 
was  studied  extensively  by  Cater  and  Law- 
rie.'^  They  found  two  distinctly  different 
zones  in  the  gland,  a  central  one  with  high 
acid  phosphatase  and  glycogen  content 
(“glycogen  zone”)  and  a  peripheral  one  with 
no  glycogen  granules  and  no  acid  phospha¬ 
tase  (“sebaceous  zone”).  In  the  glycogen 
zone  lipids  were  found  in  the  luminal  cells, 
while  in  the  sebaceous  zone  the  lipid  droj)- 
lets  were  present  in  the  peripheral  flattened 
cells  lying  against  the  connective-tissue 
stroma.  The  authors  discussed  the  possible 
separate  function  of  these  structurally  dif¬ 
ferent  zones  and  pointed  out  some  interest¬ 
ing  analogies  to  the  histochemistry  of  the 
developing  feathers,  and  mammalian  hairs 
and  sebaceous  glands.  An  esterase,  which 
splits  short-chain  fatty-acid  esters,  was 
found  in  the  preen  gland,  but  no  true  lipase 
and  no  cholinesterase  could  be  demon¬ 
strated. 

14.  D.  E.  Cater  and  N.  R.  Lawrie,  Some  histo¬ 
chemical  and  biochemical  observations  on  the  jireen 
gland,  J  Physiol.,  111:231-43,  1950;  A  histochemi¬ 
cal  study  of  the  developing  preen  glands  of  chick 
fourteenth  day  of  incubation  until  fourteen  davs 

after  hatching,  ffuV.,  112:405-19  1951 
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I.  INTRODUCTORY  REMARKS  ON  PROTEINS  (8,  20,  1,  12,  2,  3) 


Classical  protein  chemistry  as  developed 
early  in  this  century  by  Franz  Hofmeis- 
ter  ( 13)  and  by  Emil  Fischer  (11)  has  taught 
us  that  all  proteins  are  made  up  by  a-amino 
acids  joined  together  by  the  elimination  of  a 


water  molecule  between  the  — COOH  group 
of  one  and  the  — NH2  group  of  another  to 
form  a  peptide  linkage  in  the  following 
fashion: 


R 

I 

Ho.N-CH  +  R' 

I  I 

COOH  HoN-CH 

I 

C(  )OH 


or,  in  an  abbreviated  form, 


O 


H 


C  ..  N— 

;OH  Hi^ 


R 

I 

HoN-CH  R' 

I  I 

CO— HN-CH  +H2O 
COOH 


O  H 

^  C  N — F  H  oO 

Peptide  linkage 


Single  amino  acids  can  be  coupled  in  this 
way  to  form  di-,  tri-,  and  higher  pejitides.  If 
many  amino  acids  are  linked  in  this  fashion. 


a  peptide  or  polypeptide  chain  results.  The 
frame  of  such  a  chain  is  usually  written  in  an 
abbreviated  form  as  follows: 


H  N  •  CH  ‘CO  •  NH  •  CH2 •  CO  •  NFl  •  CH2  •  CO •  N  H  ‘CHo  •  CO 


Peptide  linkages  can  be  split  by  mild 
acids  alkalies,  and  jiroteolytic  enzymes  into 
smaller  units  and  finally  into  single  amino 
acids.  The  splitting  of  the  peptide  linkage  is 


achieved  by  uptake  of  water  (hydrolysis). 
The  following  amino  acids  are  known  to 
occur  in  proteins  (9) : 


337 


AMINO  ACIDS  OBTAINED  BY  THE  HYDROLYSIS  OE  TROI'EINS 

A.  Acids  with  equal  number  of  basic  and  acid  groups  (one  each  exceot 
No.  17): 


1.  Glycine  (glycocoll): 

2.  Alanine: 

3.  Valine: 

4.  Leucine: 

5.  Norleucine: 

6.  Isoleucine: 

7.  Phenylalanine: 

8.  Tyrosine: 

9.  Threonine: 

10.  Serine: 

11.  Proline: 


CH2(NH2)C()()H 
CH3CH(NH2)C00H 
(CH3)2CHCH(NH2)C()()J1 
(CH  3)2C  H  CH2CH  (NH2)  C(  )OH 
CH  3CH2C  H2CH2CH  (NH2)  cool  1 
CoH  5C  H  ( CH  3)  CH  ( NH2)  COOH 
C6H5CH2CH(NH2)C()0H 
/>-H0C6H4CH2CH  (NH2)C(  )OH 
CH  3CH  ( )H  CH  ( NH2)  CO(  )H 
CH20HCH(NH2)C00H 

CH2 — CH2 
I  I 

CH2  CH— COOH 


N 

H 


12.  Hydroxyproline: 


13.  Tryptophane: 


14.  Thyroxine: 


15.  lodogorgoic  acid: 


16.  Methionine: 

17.  Cystine: 


18.  Cysteine: 


OH 

I 

CH-  CH2 
I  I 

CH.  CH— COOH 

\  / 

N 

H 


_ C— CH2CH  N  H. 

I  II  II  I 
I  II  CH  COOH 

H 


I 


O 


€H2 

CHNH2COOH 


CH2CH(NH2)C00H 


CH3SCH2CH2CH(NH2)C00H 

SCH2CH(NH2)C00H 

SCH2CH(NH2)C00H 

HSCHsClKNlDCOOH 


Nilrogcnom  Constituents;  General  Data 


339 


AMINO  ACIDS 


OBTAINED  BY  THE  HYDROLYSIS  OF  PROTEINS— 


B.  Basic  amino  acids  (several  basic  groups  and  one  acid  group). 


1.  Lysine: 

2.  Arginine: 

3.  Histidine: 


CH2NH2CH2CH2CH2CH(NH2)C()()H 

NH2 

NH=C-NHCH2CH2CH2CPI  (NH2)  COOH 

CH=C-CH2CH  (NH2)C()0H 
I  I 
N  NH 

CH 


C.  Acid  amino  acids  (several  acid  groups  and  one  basic  group): 


1.  Aspartic  acid: 

2.  Glutamic  acid: 

3.  /3-Hydroxyglutamic 

acid : 


H()()CCH2CH(NH2)COf)H 

H00CCH2CH2CH(NH2)C00H 

H0()CCH2CH0HCHNH2 

I 

COOH 


In  these  naturally  occurring  amino  acids, 
one  amino  group  is  attached  to  the  carbon 
atom  next  to  the  carboxylic  carbon,  i.e.,  in 
the  a-position.  Thus  all  are  a-amino  acids 
except  proline  and  hydroxyproline,  which 
are  cyclic  a-imino  acids.  The  building  stones 
are  uniform  also  in  their  steric  configuration 
in  so  far  as  in  all  of  them  the  atomic  groups 
attached  to  the  a-carbon  atom 

H  R 

\ 

C 

/  \ 

NH2  COOH 

have  the  same  spatial  relation  to  each  other. 
They  are  all  levorotatory.  In  proteins  the 
jieptide  chains  may  end  with  a  free  amino  or 
a  free  carbo.xylic  grouj). 

There  is  good  evidence  that  among  the 
basic  groups  the  e-amino  group  of  lysine, 
the  guanidino  group  of  arginine,  and  the  im¬ 
idazole  ring  of  histidine  exist  “free”  in  the 
protein  molecule,  i.e.,  without  attachment 
to  a  neighboring  carboxylic  grouji.  The  same 
groups  may  be  linked,  however,  to  nonpro¬ 
tein  prosthetic  groups.  In  glycoproteins, 
[lolysaccharides  are  possibly  linked  to  the 
protein  by  the  imidazole  ring;  guanidino 
groups  may  connect  the  iirosthetic  groups  in 


heme  and  in  mucoitin  sulfuric  acid;  and 
€-amino  groups  of  lysine  also  may  have  dif¬ 
ferent  salt  and  ester  linkages  (20). 

The  distal  carboxylic  groups  of  the  di- 
carboxylic  acids  (aspartic,  glutamic,  and  hy- 
droxyglutamic)  also  occur  as  free  groups. 
Proteins,  however,  represent  considerably 
weaker  acids  than  would  be  the  case  if  all 
these  terminal  carboxylic  groups  were  in  a 
free  state.  The  reason  for  the  low  acidity  is 
that  a  varying  number  of  these  “free”  acid 
groups  are  present  as  neutral  amides: 


^OH  \h2 

Amino  acids  carrying  basic  amino  and 
acidic  carboxylic  groups  have  been  known 
for  a  long  time  to  be  amjihoteric  and  dipolar. 
They  are  dipolar  because  in  the  neutral 
amino  acid  molecule  the  hydrogen  atom  of 
the  carboxylic  group  is  joined  to  the  basic 
nitrogen  atom.  For  this  reason,  the  molecule 
has  both  a  positively  and  a  negativelv 
charged  group: 

H  R 
\  / 

C 

NHgf^  \oo- 
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In  acid  solutions  the  amino  acids  take  up  cation,  which,  when  subjected  to  an  electri- 
the  hydrogen  ion  of  the  acid  to  form  a  cal  held,  will  migrate  to  the  negative  pole: 

R-CH(NH2)  •C()()H+H++C1-^R-CH(NH^)  -COOH+Cl- 

In  alkaline  solutions  amino  acids  lose  a  which  migrate  to  the  positive  pole: 
hydrogen  ion  to  the  alkali  and  form  anions 


R-CH(NH2)-COOH+Na++()H 

At  a  dehnite  hydrogen-ion  concentration 
the  net  electrical  charge  is  zero;  the  com¬ 
pound  moves  neither  to  the  anode  nor  to  the 
cathode.  This  hydrogen-ion  concentration  is 
called  the  “isoelectric  point.” 

Like  amino  acids,  most  proteins  are  am¬ 
photeric  and  combine  with  acids  and  bases 
to  form  water-soluble  salts.  This  is  a  revers¬ 
ible  process  as  long  as  the  acid  or  alkali  used 
is  not  so  strong  as  to  cause  hydrolysis  or  de- 
naturation. 

The  isoelectric  points  of  some  proteins  lie 
near  neutrality.  Others  have  predominantly 
acidic  or  predominantly  basic  properties,  ac¬ 
cording  to  the  number  of  free  acidic  and/or 
basic  groups  present.  Acidic  proteins  are 
more  soluble  in  alkalies,  and  basic  proteins 
more  soluble  in  acids.  The  acid-  and  base¬ 
binding  capacity  of  a  protein  thus  depends 
on  its  amino  acid  composition. 

Analyses  of  the  amino  acid  content  of  dif¬ 
ferent  proteins  revealed  that  often  the  num¬ 
bers  of  molecules  of  different  amino  acids  are 
in  a  simple  arithmetical  ratio  to  one  another. 
In  the  globin  of  hemoglobin,  for  instance, 
lysine  comprises  yVl  histidine  aspartic 
acid  glutamic  acid,  tyrosine,  proline, 
and  arginine  4V;  3-nd  cysteine  of  all 
the  constituent  amino  acids.  This  means 
that  if  we  could  look  along  a  globin 
polypeptide  chain,  we  should  expect  to 
see  every  lysine  residue  separated  by  15 
other  amino  acid  residues;  every  histidine 
residue  by  17  other  residues;  etc.  (3). 

These  findings  led  Bergmann  (2,  3,  4)  to 
assume  that  in  all  proteins  each  amino  acid 
residue  recurs  with  a  characteristic  whole- 
number  frequency.  His  calculations  indicat¬ 
ed  that  proteins  are  built  of  288  amino  acid 
residues  or  multiples  thereof.  While  the  pos¬ 
tulate  of  equal  units  had  to  be  abandoned  on 


-^R-CH(NH2)  •C()()-+Na+-hH2() 

the  basis  of  newer  analytical  data,  there 
can  be  no  doubt  that  some  periodicity  does 
occur  in  the  order  of  amino  acids  in  pro¬ 
teins,  and  this  is  especially  true  for  fibrous 
proteins. 

X-ray  diffraction  studies  (p.  391)  have 
led  to  the  classification  of  proteins  into  two 
distinctly  different  classes:  the  “globular” 
and  the  “fibrous”  proteins.  In  the  former 
group,  to  which  the  plasma  proteins  and 
most  cell  proteins  belong,  the  polypeptide 
chains  are  coiled  or  folded  in  close  sets;  in 
some  of  them  the  molecules  are  folded  in 
such  a  way  that  the  proteins  are  almost 
spherical  in  shape.  In  fibrous  proteins  the 
polypeptide  chains  are  elongated  and  form 
more  or  less  straight  lines;  to  this  group  be¬ 
long  fibrin,  silk  protein,  collagen,  elastin, 
keratins,  and  myosin;  in  these  molecules  the 
elongated  chains  lie  parallel  to  one  another 
in  grids  and  are  connected  by  side  chains  to 
one  another. 

This  classification  is  not  identical  with 
the  older  distinctions  of  native  and  water- 
soluble  proteins  from  the  water-insoluble 
and  hard  “albuminoids”  or  “scleroproteins,” 
which  have  a  supporting  or  protective  func¬ 
tion  in  the  animal  organism.  Myosin,  for  in¬ 
stance,  although  neither  hard  nor  having  a 
supporting  function,  belongs  to  the  group  of 
fibrous  proteins. 

In  addition  to  the  simple  proteins  which, 
on  hydrolysis,  yield  only  amino  acids,  the 
conjugated  proteins  comprise  a  large  group 
of  comirounds  which  represent  i)roteins 
united  with  other  substances  not  protein  in 
nature.  The  most  important  representatives 
of  this  group  are  hemojirotein,  the  nucleo- 
proteins,  glycoproteins,  lipoproteins,  phos- 
phoproteins,  and  chromoproteins.  It  appears 
that  in  living  cells  the  majority  of  proteins 
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are  conjugated  with  nonprotein  substances,  er  easily,  and  for  this  reason  relatively  little 
In  attempts  to  isolate  proteins  from  the  is  known  about  cellular  proteins  as  corn- 
cytoplasm,  the  bonds  connecting  the  |)ro-  pared  with  blood  proteins,  virus  proteins, 
teins  with  other  substances  are  broken  rath-  and  keratins. 


II.  THE  TOTAL  NITROGEN  CONTENT 


Because  of  the  inhomogeneity  of  the 
skin,  estimations  of  its  total  nitrogen  con¬ 
tent  yield  but  little  information.  Collagen, 
constituting  72-79  per  cent  of  the  dry 
weight  of  the  skin  (14,  17),  is  the  most 
abundantly  rejjresented  nitrogenous  sub¬ 
stance,  with  an  average  nitrogen  content  of 
18.6  per  cent  of  the  dry  weight.  Eichelberger 
et  at.  (10)  calculated  that  out  of  the  16.07 
gm.  of  nitrogen  in  100  gm.  of  dry,  fat-free 
human  skin,  11.32  gm.,  or  70  per  cent  of  the 
total  nitrogen,  is  present  in  the  form  of 
collagen  and  elastin. 

The  fluctuations  in  the  estimated  nitro¬ 
gen  content  in  fresh  skin  reflect,  principally, 
different  amounts  of  water  and  fat.  Varia¬ 


tions  of  from  3.5  to  5.4  per  cent  nitrogen  in 
fresh  human  skin  have  been  reported  (21, 
16).  The  average  value  for  1  kg.  of  wet,  fat- 
free  human  skin  has  been  reported  as  45.5 ± 
3.8  gm.  of  nitrogen,  of  which  33.7  ±  4.5  gm. 
of  nitrogen,  or  74  per  cent,  was  collagen- 
nitrogen  (10). 

The  nitrogen  content  of  the  epidermis  in 
the  mouse  was  found  to  be  4.56  per  cent  of 
the  wet  weight  (19),  a  figure  which  shows 
that  the  nitrogen  content  of  the  epidermis  is 
in  the  same  range  as  that  of  the  total  skin. 

The  nitrogen  content  of  collagen,  elastin, 
and  connective-tissue  ground  substance  is 
discussed  in  subsequent  chapters. 


III.  THE  TOTAL  SULFUR  CONTENT 

Methionine,  cysteine,  and  cystine  are  the  plained  (Fig.  1).  The  skin  of  adult  men,  rab- 
sulfur-containing  amino  acids  of  skin  pro-  bits  (15),  and  rats  (7)  contains  only  60  per 
teins.  In  addition,  the  mucopolysaccharides  cent  as  much  sulfur  as  does  that  of  theyoung. 
of  the  connective  ground  substance  contain  Klauder  and  Brown’s  interpretation  was 


Tr;'?'  ■"  <1:^- 
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sulfur  in  the  form  of  chonrlroitin  sulfuric  .ind 
mucoitin  sulfuric  acids. 

The  original  findings  of  Klauder  and 
Brown  (lo)  on  the  higher  sulfur  content  in 
infant  skin  as  compared  with  that  of  adults 
in  man  and  animals  has  remained  une.x- 


that  the  difference  is  due  to  a  higher  gluta¬ 
thione  content  in  the  skin  of  the  young;  but 
this  has  not  been  actually  demonstrated  It 
was  assumed  that  the  skin  in  the  adult  has 
a  relatively  higher  concentration  of  com¬ 
pounds  containing  the  disulfide  (-S-S-) 
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linkage  of  cystine,  while  the  skin  of  the 
young  has  more  sulfur  in  the  form  of  sulf- 
hydryl  groups,  and  that  this  difference  may 
contribute  to  the  greater  strength  and  rigidi¬ 
ty  of  adult  skin  (7).  However,  this  idea  had 
to  be  abandoned  when  Bonting  (7)  showed 
that  the  percentage  of  the  — S— S—  bonds  in 
the  total  cysteine-cystine  fraction  is  the 
same  in  the  young  as  in  the  adult.  Bonting 
found  that  with  advancing  age  both  the 
cysteine-cystine-sulfur  and  the  methionine- 


sulfur  content  of  the  skin,  as  related  to  total 
nitrogen  content,  drojis  considerably.  Cys- 
teine-cystine-sulfur  drops  to  44  per  cent,  and 
methionine-sulfur  to  75  i)er  cent,  of  the 
original  amount. 

There  is  a  possibility  that,  in  addition  to 
the  decrease  in  sulfur-containing  amino 
acids,  a  decrease  in  the  amount  of  the  con¬ 
nective-tissue  ground  substance  with  ad¬ 
vancing  age  (7)  contributes  to  the  decrease 
in  sulfur  content  (pp.  449-50). 
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1.  THE  AMINO  ACID  COMPOSITION  OF  EPIDERMAL  PROTEINS 


A  fragmentary  picture  of  the  amino  acid 
composition  of  epidermal  proteins 
emerges  from  two  separate  sources  in  the 
literature  (Table  1).  Unfortunately,  two  dif¬ 
ferent  species  were  examined  in  the  two  pub¬ 
lications  concerned  in  Table  1 .  In  spite  of  the 
species  difference,  the  cystine,  tryptophane, 
and  lysine  values  are  in  good  agreement. 
Hut  those  for  methionine,  phenylalanine^ 
and  arginine  differ  greatly. 

As  compared  with  the  composition  of  der¬ 
mal  proteins,  Mardashev  (83)  states  that 
epidermal  jiroteins  contain  three  times  as 
much  tyrosine,  histidine,  and  cystine  and 
our  times  as  much  trypto[)hane  as  do  the 
dermal  firoteins  (Table  2).  This  difference 
of  course,  reflects  the  great  dissimilarity 
in  composition  between  connective-tissue 


fibers  and  cell  proteins,  in  that  collagen  and 
elastin  are  extremely  poor  in  histidine  and 
lack  cystine,  tyrosine,  and  tryptophane  en¬ 
tirely  or  almost  entirely. 

Concerning  methionine  values,  satisfac¬ 
tory  agreement  can  be  calculated  for  the 
total  skin  of  rats  from  the  data  of  Mar¬ 
dashev  (83)  and  Bonting  (30):  The  values 
for  methionine-nitrogen  as  per  cent  of  tiro- 
tein-nitrogen  are  1.26  and  1.16  per  cent  re¬ 
spectively,  for  the  adult  animal. 

The  molecular  ratio  of  the  three  basic 
ammo  acids-histidine,  lysine,  arginine-for 
epidermis  does  not  show  any  regularity 
which  would  suggest  the  1:4:12  relation 
ound  in  typical  hard  keratins  (24)  (p.  353) 

I  his  IS  not  surprising,  in  view  of  the  fact 
that  the  soft  keratins,  which  derive  from 
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epidermal  proteins,  do  not  show  this  regu-  parently  consist  of  at  least  two  physically 
larity  either,  or  at  least  not  consistently  and  chemically  different  types — the  fibrous 
(45).  Moreover,  the  epidermal  {)roteins  ap-  and  the  nonfibrous  proteins. 


TABLE  1* 

.Amino  .Acids  in  Epidermis 


Species 

Tyro¬ 

sine 

Cys¬ 

tine 

Me¬ 

thio¬ 

nine 

Tryp- 

to- 

phane 

Phenyl¬ 

ala¬ 

nine 

Histi¬ 

dine 

Argi¬ 

nine 

Ly¬ 

sine 

Leu¬ 

cine 

Iso- 

leu¬ 

cine 

Threo¬ 

nine 

Valine 

Glu¬ 

tamic 

Mouse 

(97)... 

1..S1 

0.91 

0.98 

1.46 

3.. 13 

1 1 .  .so 

5.15 

4.17 

2.65 

2.43 

2.84 

7.90 

Human 

(8.0... 

4.0.S 

1.42 

1.60 

1 

1.02 

4.78 

2.64 

6.71 

5.92 

*  Values  expressed  in  percentages  of  amino-N  in  total  protein. 


TABLE  2* 

.Amino  .Acids  in  Human  Epidermis  and  Corium  (83) 


Tyro¬ 

sine 

Cystine 

Methio¬ 

nine 

Trypto¬ 

phane 

Phenyl¬ 

alanine 

Histi¬ 

dine 

Arginine 

Lysine 

Epidermis.  .  .  . 

Corium . 

Total  skin .... 

4.05 

1.27 

1.42 

0.51 

0.65 

1.6 

1.22 

1.02 

0.24 

0.40 

4.78 

2.76 

2.64 

0.97 

1  95 

6.71 

7.16 

5.92 

4.17 

5.15 

*  Values  expressed  in  percentages  of  amino-N  in  total  protein. 


II.  THE  PHYSICAL  N.ATURE  OF  EPIDERM.AL  PROTEINS 


On  the  basis  of  microscopic  and  histo- 
chemical  evidence,  Unna  (126)  postulated 
that  epidermal  cells  consist  of  two  physically 
and  chemically  different  groups  of  proteins. 
The  first  is  a  fibrillary  framework  (“spongio- 
plasma”)  and  the  second,  a  microscopically 
amorphous  material  (“granoplasma”), 
which  fills  the  spaces  between  the  fibrils. 
The  solubility  and  staining  reactions  of  the 
two  groups  of  proteins  are  distinctly  differ¬ 
ent  the  solubility  of  the  nonfibrillary  sub¬ 
stance  being  much  greater.  The  fibrillary 
material,  usually  called 

morphologists,  is  hirefnngent  (HIJ).  Chemi- 
cally,  these  two  groups  of  proteins  can  be 
contrasted  as  fibrous  and  globular  proteins. 

In  spite  of  the  fabulous  development  of 
morphological  examinaUon  methods  (phase 
microscopy,  electron  microscopy),  e  mor 
phology  of  the  tonofibrils,  their  relation  to 
intercellular  spines,  their  continuity  eyonc 


cell  boundaries,  their  connection  with  the 
argyrophil  connective-tissue  fibers  (64),  and 
even  their  very  e.xistence  are  not  established 
on  morphological  grounds  (96,  2,  76,  62). 
X-ray  diffraction  studies,  however,  leave  no 
doubt  that  the  noncornified  epidermis  does 
contain  fibrils  which  have  the  same  “a-kera- 
lin”  spectrogram  (p.  354)  as  do  keratin 
fibers  (42,  43,  59,  11,  13,  107).  This,  o 
course,  does  not  mean  that  the  epidermal 
fibrils  are  actually  identical  with  keratin 
fibrils,  but  only  that  they  have  a  similar 
fibrillary  structure.  Similar  fibers  are  found 
also  in  epithelia  of  noncornifying  endoder- 
mal  linings  (105). 

The  view  that  the  epidermal  librils  cross 
the  cell  boundaries  and  form  a  continuous 
nelwork  (>M)  implies  that  the  intercellular 
bridges  of  the  Malpighian  layer  are  parts  ot 
the  same  fiber  system  (Kig.  D-  In  the  ear  y 
twenties  the  rather  revolutionary  theory 


Epidermal 

was  developed  that  the  continuous  epider¬ 
mal  fibril  system  derives  from  and  is  con¬ 
tinuous  with  the  connective-tissue  fibril 
system.  According  to  Frieboes  (54),  the 
mesodermal  fiber  system  represents  a  sup¬ 
porting  structure  for  the  protoi)lasmic  mass 
of  the  epidermis,  in  which  the  nuclei  are 
about  evenly  distributed  but  which  does  not 
consist  of  single  individual  cells. 

While  this  theory  has  not  received  ac¬ 
ceptance,  micromanij)ulator  experiments  of 


Proteins 

ing  with  hot  water,  while  keratin  fibers  un¬ 
dergo  such  a  transformation  only  if  stretched 
in  hot  water.  The  molecular  chains  of  fibrils 
in  the  epidermis  have  no  orientation  with  re¬ 
spect  to  an  axis  in  the  j)lane  of  the  surface, 
whereas  fibrils  of  fully  keratinized  fibers  are 
parallel  to  such  an  axis.  The  epidermal 
fibrils  display  the  phenomenon  of  thermal 
supercontraction  (p.  iS5),  like  myosin  fibers 
of  muscle  and  unlike  keratin  fibers.  After 
treatment  with  hot  water  the  epidermal 


Chambers  and  Renyi  (57)  indicated  t 
isolated  damage  to  a  single  cell,  with  disr 
tion  of  its  intercellular  bridges,  involves 
generation  and  death  of  neighboiing  cell 
an  observation  which  seems  to  indicate  tl 
the  integrity  of  the  intercellular  bridges 
essential  for  the  life  of  the  cells.  Possibly  t 
is  so  because  the  bridges  continue  into 
cell  and  play  a  role  in  the  transportation 
nutrient  material. 

Differences  in  the  behavior  of  epkkvr 
and  keratin  fibrils  were  studied  in  detail 
Ku.lall  (105,  107).  The  spectrogram  <,f  e 
cermal  librils  can  be  transformed  from  1 
a-  into  the  ^-form  (j).  354)  by  simple  he; 


fibrils,  like  myosin  and  fibrin,  display  a  spe¬ 
cial  type  of  X-ray  siiectrogram,  the  so-called 
cross-^-form,  which  indicates  a  sjiecial 
type  of  loosening  of  intramolecular  bonds. 
In  this  loosened  form  the  fibers  contract 
when  treated  with  strong  urea  solutions. 

The  first  attemjit  to  separate  the  fibrous 
proteins  out  of  the  epidermal  cells  was  made 
by  Rudall  (105,  106,  107).  He  treated  the 
stratum  mucosuin  with  a  50  per  cent  urea 
solution,  which  dissolved  almost  all  the 
cytoplasm  but  left  the  nuclei  intact.  The  re¬ 
sulting  viscous  solution  was  subjected  to  re¬ 
peated  centrifugation  and  filtration,  d'he 
clear  solution  finally  obtained  could  be  pre- 
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cipitated  with  ammonium  sulfate  and  dried 
as  a  film.  When  stretched  before  drying,  this 
material  yielded  oriented  fibers  with  all  the 
physical  properties  of  the  epidermal  fibers  in 
situ.  Rudall  called  this  material  epidennin. 
The  significance  of  this  work  for  dermato¬ 
logical  research  is  obvious. 

Rudall  (107)  has  recently  reported  in  de¬ 
tail  the  further  development  of  this  work. 
He  divided  the  epidermis  of  the  cow’s  hair¬ 
less  nose  into  three  layers,  the  first  contain¬ 
ing  the  stratum  corneum  and  the  outermost 


resi)onding  layers,  the  difference  being 
greatest  in  the  stratum  corneum  and  least  in 
the  innermost  layer.  The  fibrous  proteins 
represented  the  major  portion  of  total 
epidermal  proteins. 

Rudall  has  also  demonstrated  that  the 
internal  stability  of  the  fiber  structures  in¬ 
creases  progressively  as  one  goes  from  the 
inner  layers  outward.  This  was  shown  by 
thermal  contraction  curves  (Fig.  2).  Simi¬ 
larly,  the  a-pattern  of  fibers  in  the  lower 
parts  of  the  epidermis  changed  into  the  /3- 


at  D.  From  Rudall  (107).  (Reproduced  by  permission  of  the  author  and  Aca 


cell  layers  of  the  rete;  the  second,  the  rest  of 
the  outer  half;  and  the  third,  the  inner  half 
of  the  mucous  layer.  In  all  three  layers  he 
was  able  to  separate  two  water-soluble  pro¬ 
teins  by  dissolving  in  urea  solution,  dialysis, 
and  acid  precipitation.  One,  the  fibrous  pro¬ 
tein  or  epidermin,  having  an  a-keratm  pat¬ 
tern,  precipitated  from  neutral  solutions  at 
pH  5  5  The  other,  a  nonfibrous  protein,  pre¬ 
cipitated  at  pH  4.5  and  had  a  /3-pattern. 
However,  this  ^-pattern  showed  no  orienta¬ 
tion  in  reference  to  the  plane  of  the  film 
Surprisingly,  the  nonfibrous  proteins  of  all 
layers  had  a  considerably  higher  sulfur  con¬ 
tent  than  did  the  fibrous  proteins  of  the  co 


pattern  with  greater  ease,  i.e.,  at  much  lower 
temperatures,  in  w'ater  than  did  the  fibers 
of  the  horny  layer. 

Rudall  found  a  close  similarity  between 
the  ej)idermal  fibrils  and  the  fibrinogen 
fibrin  group  of  proteins,  jiarticularly  m  dieir 
solubility  in  urea  and  in  urea-salt  solutions. 
From  the  basal  to  the  horny  layers  the  solu¬ 
bility  in  urea  decreased  in  much  the  same 
way  as  the  solubility  of  fibrinogen  decreases 

on  conversion  to  fibrin. 

Like  keratin  libers,  eiiidermal  libers  could 

be  easily  stretched  up  to  200  , cent  o 

the  oriftiital  length.  Stretching 
achieved  in  saturated  ammonium  sulfate 
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solutions  at  high  tenii)eratures.  Stretching 
of  epidermal  libers,  like  that  of  keratin 
libers,  was  reversible.  The  cross-/3-pattern 
could  be  reversed  into  the  a-pattern.  The 
molecular  weight  of  the  epidermal  protein 
which  was  originally  dissolved  in  urea  solu¬ 
tion  was  estimated  by  the  ultracentrifuga¬ 
tion  method  and  was  found  to  be  in  the 
range  of  6(),(K)(). 


The  extraction  of  globular  proteins  from 
total  skin  can  be  achieved  by  extraction  with 
salt  solutions,  according  to  Roddy  (101).  A 
technic  to  estimate  the  amount  of  globular 
{)roteins  in  the  skin  (by  precipitation  with 
3  per  cent  trichloroacetic  acid)  was  recently 
described  by  Jacobs  (72).  This  author  found 
that  the  amount  of  globular  proteins  in  the 
skin  decreases  with  the  age  of  the  animal. 


III.  NONPROTEIN-NITROGEN  IN  THE  EPIDERMIS 


In  living  cells,  hydrolytic  and  oxidative 
decomposition  of  proteins  and  their  resyn¬ 
thesis  are  going  on  continuously.  The  ratio 
of  protein  decomposition  products  to  the 
total  nitrogen  content,  at  any  minute,  re¬ 
flects  only  a  momentary  situation.  Still  this 
ratio  may  be  regarded,  to  some  extent,  as  a 
measure  of  the  catabolic  part  of  protein 
metabolism. 

Older  data  (127,  90)  indicated  that  17-19 
per  cent  of  the  total  nitrogen  in  total  skin  is 
nonprotein-nitrogen.  Also  it  was  claimed 
that  this  ratio  is  increased  in  some  diseased 
tissues — for  instance,  lupus  vulgaris  lesions 
(90) — but  not  in  others — for  instance, 
psoriasis — possibly  because  of  a  greater 
tendency  to  rapid  protein  synthesis  (100).  It 
was  found  (127)  that  the  nonprotein-nitro- 
gen  of  the  skin  is  greatly  increased  in  kidney 
insufflciency  because  of  insufficient  elimina¬ 
tion  of  protein  metabolism  w'aste  products 
(127). 

The  average  nonprotein-nitrogen  of  the 
mouse  epidermis  was  estimated  to  be  17.4 
per  cent  of  its  total  nitrogen  content  by 
Roberts  and  Frankel  (99).  Thus,  if  it  is  per¬ 
missible  to  compare  data  on  mouse  skin  and 
human  skin,  it  appears  that  the  nonprotein- 
nitrogen  content  of  the  total  skin  is  in  the 
same  range  as  that  of  the  epidermis,  an  un¬ 
expected  finding  in  view  of  the  higher  meta¬ 
bolic  rate  of  the  epidermis. 

The  most  abundant  compounds  in  the 
nonprotein-nitrogen  fraction  of  the  epider¬ 
mis  are  amino  acids,  urea,  and  ammonia. 
The  free  amino  acids  extracted  from  mouse 
epidermis  (and  ei)ithelial  tumors)  (lOO)  are 
diagrammatically  given  in  Figure  3.'  I'hese 


data  will  be  valuable  in  the  study  of  the  bio¬ 
chemistry  of  keratinization.  While  the  sul¬ 
fur-containing  amino  acid  methionine  and 
the  tripeptide  glutathione  are  among  the 
freely  occurring  low'-molecular  nitrogenous 


Fig.  3. — Diagram  of  constituents  of  paper  chro¬ 
matograms  made  from  ejiidermal  and  tumor  ex¬ 
tracts:  .4,  phenylalanine;  B,  tyrosine;  C,  leucine; 
D,  valine;  E,  methionine  sulfone;  G,  proline;  11,  his¬ 
tidine;  I,  hydroxyjiroline;  J,  alanine;  K,  threonine; 
L,  taurine;  M,  ^-alanine  or  citrulline;  N,  glutamine 
or  serylglycylglycine;  O,  glycine;  P,  serine;  Q,  argi¬ 
nine;  R,  lysine;  S,  glutamic  acid;  T,  aspartic  acid; 
U,  cysteic  acid;  V,  “oxidized”  glutathione;  IF,  “un- 
derglutamic  acid,”  unidentified;  A',  glutathione. 
Treatment  of  the  extracts  with  H2O2  has  converted 
methionine  to  methionine  sulfone  and  cystine  to 
cysteic  acid.  From  Roberts  and  Tishkott  (100).  (Re- 
Iiroduced  by  iiermission  of  Dr.  Roberts  and  the 
American  Association  for  the  Advancement  of 
Science.) 


constituents  which  can  be  extracted  from 
the  ejudermis  with  aqueous  solvents,  sulfur- 
containing  free  amino  acids  or  peptides  have 
not  been  found  in  aqueous  extracts  of  kera- 


F  v’  human  epidermis  see 

F.  V.  Lowdry,  Epidermal  carcinogenesis.  Advances 
in  Cancer  Research,  1053 
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tinized  products,  such  as  hair  (29).  This 
would  indicate  that  in  the  keratinization 
process  all  or  most  of  the  sulfur-containing 
amino  acids  are  built  into  the  keratin  mole¬ 
cules,  while  other  amino  acids,  such  as  glu¬ 
tamic  acid,  valine,  and  leucine  (29),  are 
shed  when  keratinization  takes  place  (p. 
372).  Otherwise,  the  available  data  on  the 
occurrence  of  free  amino  acids  do  not  reveal 
any  specific  feature  of  nitrogen  metabolism 
in  the  epidermis. 

However,  a  highly  characteristic  feature 
of  the  epidermis  is  its  high  urea  and  am¬ 
monia  content.  According  to  Roberts  and 


T.\BLE  3* 

Urea  and  .\mmonia  Content 
OF  Different  Tissues  (98) 


No.  or 

Urea-N 

Ammonia- N 

Materi.al 

Sam¬ 

ples 

Mean 

Range 

Mean 

Range 

Human  epider¬ 
mis  (from 
breast) . 

6 

33 

17-64 

24 

17-46 

Mouse  epider- 
mis . 

20 

77 

55-98 

24 

16-31 

Mouse  kidney 

3 

35 

30-39 

17 

14-20 

7-15 

Mouse  liver .  . 

7 

21 

1 6-30 

11 

Mouse  blood . 

10 

16 

13-21 

♦  Values  expressed  in  mg  N/lOO  gm  fresh  tissue  and  for 
blood  in  mg  N/lOO  ml. 


Frankel  (98),  the  epidermis  is  the  tissue 
much  the  richest  in  urea  and  ammonia  in  the 
mouse  (Table  3).  The  values  in  human  epi¬ 
dermis  are  somewhat  lower  but  still  unusual¬ 
ly  high.  In  the  mouse  the  urea  and  ammonia 
content  of  the  epidermis  increases  from  the 
prenatal  period  up  to  a  few  days  after  birth 
(between  5  and  11  days)  and  then  declines, 
but  still  remains  very  high  throughout  life 

(Table  4).  , 

On  the  whole,  urea-nitrogen  and  am¬ 
monia-nitrogen  change  in  a  parallel  fashion 
The  parallelism,  however,  is  certain  y  no 
quite  regular.  This  is  not  surprising,  con- 
liering  that  urea  is  probably  a  split  product 
in  the  arginine-ornithine  cycle  (p.  > 

while  ammonia  derives  mainly  from  oxida¬ 
tive  deamination  of  a  great  number  of  amin 


acids  (see  below).  The  data  on  the  urea  con¬ 
tent  point  to  an  unusually  high  arginase 
activity  of  the  epidermis.  That  such  high 
activity  actually  exists  was  directly  demon¬ 
strated  for  mouse  epidermis  by  Greenstein 
(63)  and  by  Roberts  and  Frankel  (99);  for 
human  epidermis  by  Mardashev  and  Semina 
(84)  and  by  Van  Scott  (128).  The  latter  has 
shown  that  the  high  arginase  activity  is  a 
function  of  the  Malpighian  layer  and  pos¬ 
sibly  of  the  granular  layer.  So  far,  the  rete 
cells  seem  to  have  the  highest  arginase 
activity  of  all  tissues  (pp.  204  and  574).^ 
The  enormous  arginase  content  of  squamous¬ 
cell  carcinomas  (83,  99)  can  thus  be  linked  to 
the  uninhibited  proliferation  of  Malpigh¬ 
ian  cells.  Interestingly,  Mardashev  and 
Semina  (84)  also  found  increased  arginase 
activity  of  the  epidermis  in  animals  which 
were  kept  on  a  low-protein  diet. 


T.\BLE  4* 


Changes  in  Urea  and  .Ammonia  Content 
OF  Mouse  Epidermis  with  Age  (98) 


No. 

Ure.a-N  in 

Ammonia-N  in 

Age 

OF 

Mice 

Epi- 

Der- 

Epi- 

Der- 

dermis 

mis 

dermis 

mis 

9-12  months. 

3 

45 

24 

22 

19 

9-12  months. 

3 

87 

24 

24 

20 

9-12  months.  . 

3 

77 

20 

21 

17 

7  days . 

7  days . 

2 

2 

111 

131 

28 

40 

95 

100 

29 

20 

♦  The  enidermis  was  separated  from  the  corium  by  hfa)- 
The  skin  of  adult  animals  was  shaved.  Values  are  expressed  m 
mir  N/lOO  gm  fresh  tissue. 


In  addition  to  splitting  into  ornithine  and 
urea,  arginine  is  also  decomposed  by  oxida¬ 
tive  deamination  in  the  skin  of  mammals 
(31)  and  of  birds  (123). 

In  a  long  series  of  experiments,  Borghi 
and  his  associates  (31)  demonstrated  the 
oxidative  deamination  by  the  skin  of  the  fol¬ 
lowing  amino  acids:  arginine,  histidine, 
leucine,  cystine,  tyrosine,  proline,  hydroxy- 


'  For  this  and  related  subjects  see  also  the  most 
nt  review  article,  C.  Carruthers  and  V.  SuntzelT, 
chemistry  and  physiology  of  the  ei).<lerm.s, 
siol.  Rev.,  33:229-43,  1953. 
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proline,  and  Iryptojihane.  All  these  amino 
acids  are  decomposed  if  added  to  skin  slices, 
and  the  decomposition  is  accompanied  by  an 
increased  oxygen  uptake  and  liberation  of 
ammonia  in  the  proportions  exj^ected  from 
oxidative  deamination. 

Whether  the  arginine-ornithine  cycle  is 
operating  in  epidermal  protein  metabolism 
still  remains  to  be  demonstrated  directly. 
This  probably  could  be  done  most  conclu¬ 
sively  by  radioisotope  experiments.  Should 
it  be  demonstrated  that  the  cycle  actually 
operates,  this  finding  would  constitute  an 
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important  advance  in  our  knowledge  of  the 

metabolism  of  the  skin. 

Many  quantitative  ex{)eriments  will  have 
to  be  performed,  preferably  on  isolated  sur¬ 
viving  perfused  skin  and  preferably  with 
isotope  materials,  before  definite  conclusions 
can  be  drawn  on  the  intermediary  nitrogen 
metabolism  of  the  skin.  The  interpretation 
of  the  available  analytical  data  in  terms  of 
metabolic  pathways  has  an  uncertainty 
which  is  still  very  great.  This  holds  true  also 
for  intermediary  lipid  and  carbohydrate 
metabolism. 


IV.  THE  AMINO  ACID  COMPOSITION  OF  KERATINS 


A.  GENERAL 

In  discussing  the  chemical  constituents  of 
keratins,  two  facts  should  be  kept  in  mind. 
I'irst,  the  term  “keratins”  refers  to  materi¬ 
als  which  have  been  obtained  from  kerati¬ 
nous  structures  (such  as  hair,  nails,  horny 
layers)  by  more  or  less  thorough  purification. 
It  is  regrettable  that  the  terms  “keratin” 
and  “keratinous  structures”  are  often  used 
rather  loosely,  as  if  they  were  synonymous, 
so  that  one  may  read  of  “keratins”  which 
contain  such  and  such  an  amount  of  ash  or 
fat  or  water.  Keratins  are  modified  proteins, 
and  there  are  no  data  to  show  that  all  the 
other  constituents  of  keratinous  structures 
are  bound  chemically  to  these  modified  pro¬ 
teins;  they  are  not  part  of  the  keratin 
molecule. 

Second,  keratins  are  a  very  large  group  of 
compounds.  In  contrast  to  those  proteins 
which  in  the  crystalline  state  have  a  con¬ 
stant  composition,  such  as  egg  albumin, 
crystallized  enzymes,  insulin,  etc.,  keratins 
show  an  extremely  inconstant  amino  acid 
composition,  varying  not  only  with  prepa¬ 
rations  from  different  sources  but  also  in 
keratins  derived  from  the  same  type  of  ma¬ 
terial.  The  probable  reason  for  the  variable 
composition  is  that  keratins  are  products 
formed  from  other  proteins  and  that  the 
transformation,  which  is  called  the  “kera- 
tinization  process,”  is  by  no  means  uniform. 
It  differs  according  to  the  nature  of  the  cel¬ 
lular  proteins  from  which  the  keratins  de¬ 


rive;  and  even  those  from  the  same  kind  of 
germinative  epithelial  cells  may  show  differ¬ 
ent  amino  acid  composition,  according  to  the 
velocity  of  keratinization,  which,  in  turn, 
may  depend  on  such  physiological  variants 
as  the  nutritional  supply  to  the  epithelium 
or  on  environmental  factors,  such  as  tem¬ 
perature,  solar  radiation,  etc. 

The  different  biological  potentialities  of 
epithelial  cells  which  undergo  keratinization 
are  best  illustrated  by  the  development  of 
hair  keratins.  This  apparently  single  kerat¬ 
inous  structure  contains  at  least  four  kera¬ 
tins  which  are  different  in  chemical  compo¬ 
sition — keratins  of  the  outer  and  of  the  inner 
layer  of  the  cuticle,  the  keratin  of  the  cortex, 
and  the  keratin  of  the  medulla.  These  differ¬ 
ent  keratins  develop  from  germinative  cells 
which  are  differently  situated  topographical¬ 
ly  and  which  are  not  interchangeable.  The 
type  of  keratin  which  will  be  produced  from 
each  (concentrically  situated)  cell  layer  is 
genetically  predetermined  (Figs.  4  and  5). 

In  the  case  of  sheep  W'ool,  the  cuticle-kera¬ 
tins  can  be  separated  from  other  parts  of  the 
hair  by  reduction  with  thioglycolic  acid  and 
by  alklylation  with  ethyl  bromide.  After 
this  preliminary  treatment,  the  wool  is  at¬ 
tacked  by  pepsin  in  such  a  way  that  the 
cuticle  material  remains  intact,  while  the  in¬ 
terior  of  the  hair  is  completely  dissolved. 
After  this  separation,  it  can  be  shown  that 
the  more  resistant  cuticle-keratin  has  a 
higher  sulfur  content  than  the  more  digest- 


Fig.  4.— Cross-section  through  hair  bulb.  From  Koi)Sch  (75).  (Reproduced  by  permission 
of  the  author  and  Georg  Thieme  V'erlag.) 
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ible  medulla-keratin  and  cortex-keratin 
(55).  There  is  evidence  that  cuticle  and  cor¬ 
tex  are  connected  with  each  other  in  the 
hair  by  an  intercellular  connecting  sub¬ 
stance,  vvhich  is  removed  by  tryptic  diges¬ 
tion.  Thus  it  can  be  said  that  the  two  kera¬ 
tins  are  two  distinct  individual  compounds, 
and  not  artificial  degradation  products  of  a 
larger  keratin  complex  which  might  be 
formed  during  separation.  It  has  actually 
been  shown  that  sei)aration  of  the  two  layers 
can  be  achieved  without  any  appreciable 
chemical  decomposition;  on  the  contrary,  in 
greatly  swollen  wool  fibers,  the  cuticle  is,  as 
a  matter  of  fact,  already  separated  from  the 
cortex  (50).  This  is  no  surprise  to  the  histolo¬ 
gist,  who  is  able  to  differentiate  the  two  lay¬ 
ers  by  their  morphologically  different  appear¬ 
ance  under  the  conventional  microscope. 

\\  ith  conventional  microscopy,  the  flat¬ 
tened  cells  forming  the  imbricated  scaly 
cuticle  of  the  hair  appear  as  a  homogeneous 
structure.  But  with  the  electron  microscope 
(88),  two  layers  can  be  distinguished  in  this 
sheath;  An  outer  layer,  which  is  smooth  and 
featureless  and  can  be  easily  removed  by 
tryptic  digestion  and  which  is  possibly  iden¬ 
tical  with  the  intercellular  cement,  and  an 
inner  layer,  which  has  a  characteristic  un¬ 
even,  f)itted  surface  with  ratchet-like  edges 
and  which  remains  untouched  by  tryptic 
digestion. 

Finally,  the  medulla  of  hair  can  be  dif¬ 
ferentiated  easily  from  the  other  hair  kera¬ 
tins  by  greater  digestibility  with  tryi)tic 
enzymes  (52). 

Stoves  (119)  examined  histochemically  a 
cross-section  of  hairs  from  a  species  of  rab- 
bit,^  with  well-developed  and  differentiated 
cuticle,  corte.x,  and  medulla.  He  found,  by 
means  of  the  Sullivan  test,  that  in  this  hair 
species  the  cortex  is  richer  in  cystine  than 
the  medulla,  and  therefore  the  cortex  reacts 
more  readily  with  sodium  sulfide.  Whereas 
the  cortex  dissolves  in  this  reagent,  the 
cuticle  merely  starts  to  swell,  and  the  medul¬ 
la  is  intact.  Considerably  more  tyrosine  is 
histochemically  demonstrable  in  the  medul¬ 
la  than  in  the  other  layers. 

The  relative  i)roi)ortion  of  different  kera- 
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tins  in  different  species  is  decisive  also  for 
the  physical  behavior  of  hair.  It  appears 
that  permanent  setting,  for  instance,  is 
partly  dependent  on  the  quantitative  rela¬ 
tionship  of  cuticle  to  cortex.  These  few  data 
on  the  differences  in  keratins  forming  the 
hair  clearly  indicate  that  no  constant  chem¬ 
ical  composition  of  keratins  can  be  expected. 

A  total  of  eighteen  amino  acids  occurring 
in  keratins  has  been  demonstrated  (86).  In 
contrast  to  the  fibrous  proteins  in  connective 
tissue — collagen  and  elastin — keratins  do 
contain  all  essential  amino  acids,  though 
some  of  them  are  present  only  in  traces,  and 
therefore  keratin  hydrolysates  cannot  sub¬ 
stitute  for  other  proteins  in  nutrition. 

A.  feature  which  is  possibly  important  is 
the  absence  of  hydroxyproline  from  human 
hair  (21).  It  was  pointed  out  (102)  that,  be¬ 
cause  hydro.xyproline  has  a  fungistatic  ac¬ 
tion,  its  absence  from  keratins  may  consti¬ 
tute  a  reasonable  explanation  of  the  fact  that 
pathogenic  hyphomycetes  are  obligate  para¬ 
sites  of  keratinized  materials  and  do  not 
enter  living  cells. 

B.  TYROSINE 

It  was  claimed  by  Unna  (126)  that  tyro¬ 
sine  is  present  in  a  higher  percentage  in 
horny  material  than  it  is  in  cellular  proteins. 
Actually,  it  appears  that  the  tyrosine  con¬ 
tent  in  keratins  of  horny  layer,  hair,  and 
nails  is  extremely  variable  (25)  and  that  no 
general  rule  concerning  the  tyrosine  content 
of  keratins  can  be  formulated  (Table  5).  In 
contrast  to  Unna’s  contention.  Stoves  (121) 
found,  histochemically,  more  tyrosine  in  the 
less  keratinized  medulla  than  in  the  cortex 
and  cuticle.  Conversely,  however,  in  human 
epidermis,  when  Millon’s  reagent  is  used  for 
the  demonstration  of  tyrosine,  the  horny 
layer  appears  to  be  much  richer  in  tyrosine 
than  does  the  noncornified  epidermis.  The 
tyrosine  content  seems  to  be  particularly 
high  in  places  with  well-developed  horny 
layer,  such  as  the  plantar  skin  (74). 

C.  SULFUR-CONTAINING  AMINO  ACIDS 

Probably  there  is  only  one  constant 
chemical  feature  which  characterizes  the 
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hydrolytic  products  of  keratins  as  contrast¬ 
ed  with  all  other  proteins,  namely,  a  high 
cystine  content.  The  cystine  content  seems 
to  parallel  the  degree  of  keratinization:  the 
harder  and  the  more  enzyme-resistant  the 
keratinous  structure,  the  higher  is  its  cystine 
content.  For  instance,  human  hair  contains 
15.5  per  cent  (Table  5),  fingernails  12.0  per 
cent  (Table  5),  and  horny-layer  keratin  only 
3.8  per  cent  (45)  cystine.  Also  it  appears 
that,  with  increasing  cystine  content,  the 
amount  of  cysteine  and  methionine  de¬ 
creases.  Methionine  and  cysteine  are  present 
in  hairs  and  nails  only  in  traces,  but  in  quite 


cystine  relation  is  about  1:15  or  even 
less  (81). 

Whenever  there  is  reason  to  believe  that 
keratinization  has  been  incomplete,  the 
keratinized  structures  contain  relatively 
less  cystine  and  more  cysteine  and/or  methi¬ 
onine.®  The  higher  cystine  content  of  hair 
cuticle  as  compared  with  that  of  the  cortex 
has  already  been  mentioned  (55).  Hess  (69) 
found  that,  on  the  average,  the  cystine  in 
poorly  keratinizing  nails  of  arthritics  is  18 
per  cent  less  than  that  in  nails  of  normals. 
Mescon  and  Flesch  (89)  found  in  parakera- 
totic  horny  layers  a  histochemical  -SH  re- 
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Amino  .\cids  in  Keratinized  Structures  (25) 


Nitro¬ 

gen 

Sulfur 

Histi¬ 

dine 

Lysine 

Argi¬ 

nine 

Cystine 

Tyro¬ 

sine 

Trypto¬ 

phane 

Phenyl¬ 

alanine 

Gly¬ 

cine 

Human  hair . 

Chimpanzee  hair. . . . 

Goat  hair . 

Cow  hair . 

Lamb  wool . 

Camel  wool . 

Cattle  horn . 

Rhinoceros  horn ... 

Fingernails . 

Porcupine  quills . 

Echinus  quills . 

Hen  feathers . 

Snake  skins . 

Egg-shell  membranes 

15.4 

16.7 
16.2 

15.3 

15.4 

15.1 

16. 1 
15.6 
14.9 

15.8 
15.2 

15.5 
15.2 

16.6 

5.0 

4.3 
3.1 

3.7 

3.6 

3.1 

2.6 

2.3 

3.8 
3.0 
3.8 
2.3 

2.2 
3.8 

0.6 

.6 

.7 

.7 

.7 

.6 

.6 

.6 

.5 

.6 

.5 

.3 

.4 

0.9 

2.5 

2.0 

3.2 

2.0 

2.5 

2.7 
2.4 

2.6 
2.6 
2.6 

1.8 
1.6 
1.9 
3.7 

8.0 

8. 1 

8. 1 

7.5 

8.7 

8.6 
8.6 
8.2 

8.5 

7.6 

6.8 
6,0 
5.4 
9.9 

15.5 

15.5 

8.9 
13.4 
13,1 
11.0 

8.2 

8.7 
12.0 

9.4 

11.9 

6.8 
6,6 

12.7 

3.0 

3.3 

3.0 

3.3 

4.5 

3.1 
3.7 

8.6 
3.0 
3.3 

9.1 

2.2 
5.2 
2.5 

0.7 

1.4 

0.9 

1.4 

0.7 

0.8 

0.7 

1.7 

1.1 

0.9 

2.2 

0,7 

0.9 

2.6 

2.6 

4,6 

3.9 

4.0 

4.1 

4.0 

5.0 

2.5 

3.6 
6.8 
5.3 
3.9 
2.0 

4.3 

6.3 
10.3 

6.5 

9.2 

9.8 

7.4 

5.7 

9.5 
13.1 

*  Values  are  expressed  in  weight  percentages.  The  cystine  values  have  I)ecn  calculated  as  cysteine. 


substantial  amounts  in  scales  of  the  epider¬ 
mis  (132).  If  the  -SH  groups  of  cysteine  are 
demonstrated  histochemically,  it  looks  as 
though  these  groups  were  entirely  or  almost 
entirely  absent  from  keratinized  structures 
(57,  89).  This  is,  however,  not  the  case. 
Methionine  was  found  to  occur  in  such  well- 
keratinized  structures  as  wool  (0.5  per  cent) 
(15)  and  even  in  steer  horn  (0.02  per  cent) 
(1).  The  point,  however,  is  that  the  relation 
of  nondisulfide-sulfur  to  disulfide-sulfur  be¬ 
comes  smaller  as  keratinization  becomes 
more  complete.  While  in  human  horny 
scales,  according  to  Wilkerson  (132),  there 
are  about  equal  amounts  of  methionine  and 
cystine,  in  human  hair  the  methionine- 


action  which  was  sometimes  pronounced, 
whereas  in  the  normal  horny  layer  this  re¬ 
action  w'as  minimal  or  absent. 

To  what  degree  the  horny  material  is 
able  to  accumulate  cystine  is  well  illustrated 
by  the  data  of  Marston  (85):  in  })lant  leaf 
firoteins,  the  chief  dietary  source  of  proteins 
for  sheep,  cystine-nitrogen,  is  1.2-1. 7  per 


5  Parakeralotic  scales  of  i)Soriasis  patients  have 
jnusually  high  -SH  content  (M.  Zingsheim,  Die 
le  freier  Sulfhydrylgruppen  bei  der  Schuppen- 
hte,  Deutsche  med.  Wchnschr.,  77: 1630  31, 
2).  Physiologically,  the  parakeratotic  horny  lay^ 
•ertain  mucous  membranes  is  also  rich  m  bH 
Lins  (A.  Z.  Eisen,  W.  Montagna,  and  H.  B.  Chase 
fhydryl  groups  in  the  skin  of  the  ‘and 

lea  pig,  J.  Nat.  Cancer  Inst.,  14:341-53,  1253). 
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cent  of  the  total  i)rotein-nitrogen,  while  in 
wool  this  percentage  is  9. 

D.  BASIC  AMINO  ACIDS 

Keratins  of  fully  keratinized  structures 
contain  histidine,  lysine,  and  arginine  in 
quantities  corresponding  to  an  average 
molecular  ratio  for  these  amino  acids  of 
approximately  1:4:12  (28,  23,  26).  This  dis¬ 
covery  of  R.  J.  Block  led  to  the  theory  that 
these  basic  amino  acids  are  the  core  of  all 
proteins,  that  they  are  of  primary  imjior- 
tance  in  the  genetic  and  embryonic  develop¬ 
ment  of  tissue  proteins  as  they  exist  in  pro¬ 
toplasm,  and  that  they  have  a  directive  in¬ 
fluence  on  the  general  structure  of  proteins. 
It  was  proposed  that  tissue  proteins  be  clas¬ 
sified  according  to  their  content  in  arginine, 
histidine,  and  lysine  (26). 

TABLE  6* 


Analysis  of  Scales  from  Exfoliative 
Dermatitis  and  of  Normal  Horny 
Layer  of  Soles 


Eckstein 

(45) 

Wilkerson 

(131) 

Block 

(22) 

Humin-N . 

2.02 

2.11 

.\mide-N . 

7.68 

5 . 60 

Arginine . 

5.91 

10.01 

6.00 

Lysine . 

4.68 

5.06 

4.50 

Histidine . 

0.64 

0.59 

0.82 

Cystine . 

5.82 

2.51 

5.40 

Tyrosine . 

5.42 

5.70 

Tryptophane.  . 

1.80 

1.49 

♦Amino  acid  concentration  expressed  in  percentages  of 
amino-N  in  total  pure  keratin-N. 


Indeed,  the  approximation  of  this  regu¬ 
larity  can  be  discovered  in  hairs  of  all  mam¬ 
malian  species,  in  bird  feathers,  in  porcupine 
quills,  in  horns  of  cattle  and  rhinoceros,  in 
fingernails  of  man,  and  even  in  egg-shell 
membranes,  the  “keratin”  of  which  belongs 
to  the  group  of  ovokeratins.  It  was  pointed 
out  also  that  this  relatively  constant  rela¬ 
tionship  is  in  contrast  to  the  great  variabili¬ 
ty  in  the  amount  of  other  amino  acids,  par¬ 
ticularly  cystine,  in  keratins  (see  Table  5). 
W  hile  the  constant  basic  amino  acid  rela¬ 
tionship  holds  for  fully  keratinized  struc¬ 


tures,  it  is  not  present  in  the  keratins  of  the 
epidermal  horny  layer  ( Fable  6).  Unfortu¬ 
nately,  the  available  data  refer  both  to  the 
normal  horny  layer  of  the  soles  and  to  scales 
from  patients  with  exfoliative  dermatitides, 
and  in  the  publications  no  distinction  is 
made  between  these  two  sources.  It  is  clear, 
at  least  to  dermatologists,  that  these  two 
kinds  of  horny  material  should  have  been 
examined  separately,  because  it  is  most 

TABLE  7 

Nitrogen  Distribution  in 
Hair  Hydrolysate  (20) 

(Total  N  in  Hair  Keratins, 

16.04  Per  Cent) 


Per  Cent  of 

Total  N 

Observed 

Corrected^ 

Melanin-N . 

0.56 

0.56 

Amide-N . 

7.22 

7.22 

Basic  N . 

55.40 

55.8 

Dicarboxylic  N  .  .  .  . 

11.50 

11.5 

Monoamino  acid-N 

plus  nonamino-N 

46.52 

44,9 

♦Corrected  for  solubility  of  phosphotungstate. 


probable  that  in  exfoliative  dermatitis  the 
keratinization  is  less  complete  than  in  the 
horny  layer  of  normal  epidermis.  In  any 
case,  the  conclusion  was  drawn  (22)  that 
epidermal  keratins  may  show  incomplete 
keratinization,  as  indicated  by  an  irregular 
molar  relationship  of  histidine: lysine: argi¬ 
nine,  this  being  1:6:7  in  the  analyses  of 
Block  (22)  and  of  Eckstein  (45).  But  it  was 
also  assumed  that  complete  keratinization 
may  occur  in  the  epidermis,  because  the 
analyses  of  Wdlkerson  (131)  showed  a  1 : 6 : 15 
molecular  ratio  of  the  three  amino  acids. 

There  is  no  conclusive  evidence  that  ar¬ 
ginine  is  accumulated  during  keratinization. 
The  total  human  epidermis  contains  6  7  per 
cent  arginine  (83)  (Table  1,  p.  344);  and  in 
scales  about  6.0  per  cent  arginine  was 
found  by  two  authors  (Table  6).  The  high 
arginine  content  found  by  Wdlkerson  (Table 
6)  might  have  been  due  to  some  differences 
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in  methods  (22).  Still  the  fact  remains  that 
in  hair  and  nails  the  arginine  content  is  con¬ 
siderable. 

E.  DICARBOXYLIC  AMINO  ACIDS 

Cilutamic  and  aspartic  acids  are  present  in 
keratins  both  in  the  form  of  free  acids  and  in 
the  form  of  amides  (p.  339).  In  human  hair, 
for  instance,  the  dicarboxylic  acid  amino- 
nitrogen  amounts  to  11.5  per  cent  and  the 
amide-nitrogen  to  7.22  per  cent  of  the  total 
keratin-nitrogen  (20)  (Table  7).  Whether 
the  presence  of  amides  has  any  biological  sig¬ 
nificance  has  not  been  investigated.  Because 


hyphomycetes  thrive  exceedingly  well  on 
glutamine,  the  occurrence  of  amides  on  the 
surface  might  be  significant. 

The  total  concentration  of  glutamic  acid 
in  human  hair  keratin  was  found  to  be  10.6 
per  cent;  that  of  aspartic  acid,  3.5  per  cent 
(20).  It  seems  that  hydroxyglutamic  acid  is 
also  present  in  about  1  jier  cent  concentra¬ 
tion  (20). 

Although  chemical  analyses  have  been 
contradictory,  Speakman  insisted,  on  the 
basis  of  salt-linkage  studies,  that  free  acid 
and  free  basic  side  chains  are  equivalent  in 
wool  keratin  (116). 


\’.  THE  MOLECULAR  STRUCTURE  OF  KERATINS 


.A..  GENERAL  STRUCTURE 

The  basic  structure  of  keratins  was  eluci¬ 
dated  in  the  1930’s,  particularly  by  the  ad¬ 
mirable  work  of  W.  T.  Astbury  and  J.  B. 
Speakman. 

Keratins  are  fibrous  proteins,  distin¬ 
guished  by  their  great  resistance  to  peptic 


\ 


\ 

a-Kerati..  ^Keratin 


Fig.  6 

and  tryptic  digestion  and  to  hydrolysis 
by  dilute  acid  and  alkalies.  They  are  in¬ 
soluble  in  water,  salt  solutions,  and  organic 
solvents.  Keratins,  like  other  fibrous  pro¬ 
teins,  are  crystalline  structures,  inasmuc  i  as 
their  atoms  and  atomic  groups  are  arranged 
in  a  regular  manner  with  a  regular  repetitive 
pattern.  However,  there  is  no  regular  peri¬ 


odicity  of  amino  acid  groups  (86).  .^s  in 
other  fibrous  proteins,  the  shape  of  the 
molecules  reflects  that  of  macroscopic  fibers, 
the  molecules  having  an  elongated  structure 
which  is  a  hundred  or  more  times  longer 
than  it  is  thick.  The  long  axes  of  the  mole¬ 
cule  lie  roughly  parallel  to  one  another;  and 
in  the  case  of  hair  they  lie  in  the  long  axis  of 
the  macroscopic  fiber.  In  nails  the  direction 
of  the  fibers  is  transverse  (43);  and  in  the 
horny  layer  of  the  epidermis  it  is  quite  ir¬ 
regular  (42,  43).  The  long  axes  consist  of 
polypeptide  chains,  apparently  with  a  peri¬ 
odicity  of  three  amino  acid  residues  (8). 

The  parallel  polypeptide  chains  have  side 
branches,  and  many  such  side  branches  of 
neighboring  chains  are  connected  with  one 
another,  forming  bridges  between  parallel 
chains.  This  structure  is  usually  compared 
to  a  tridimensional  ladder  with  rungs  con¬ 
necting  the  sides  at  roughly  equal  distances 
from  one  another. 

According  to  Astbury,  50  per  cent  of  the 
weight  of  wool  is  rei)resented  by  side  chains 
(10).  In  the  normal  state  of  most  keratins, 
the  polypeptide  chains  are  folded  in  a  plane 
transverse  to  the  cross-bridges,  and  in  this 
state  thev  yield  the  a-keratin  X-ray  spectro- 
grL  of  Ltbury.  However,  the  folded 
chains  can  be  stretched  reversibly,  and  in 
the  stretched  state  the  X-ray  spectrogram  of 
/3-keratin  is  obtained  (8,  12)  (lig.  6). 

According  to  recent  findings,  the  keratin 
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one-  tenth  its  oritrinal  value.  Spontaneous 


of  hair  cuticle  has  the  /3-conliguration  in  its 
natural  state  (6).  In  some  interpretations 
(129)  the  a-folds  are  closed  entirely  to  rings; 
but  most  investigators  agree  that  there  is  no 
complete  ring  closure. 

If  stretched,  the  keratin  fibers  tend  to  re¬ 
gain  the  original  folded  state.  They  have  a 
long-range  elasticity  with  a  good  ability  to 
recover  from  deformation  (8,  65).  It  is  of  the 
utmost  significance  for  the  physiology  and 
pathology  of  the  skin  that  this  elasticity  is 
greatly  increased  by  the  presence  of  water. 
Pliability  is  also  greatly  increased  by  the 
uptake  of  water.  Dry  keratin  fibers  taking 
up  water  swell  predominantly  in  the  trans¬ 
verse  direction.  When  swelling  in  water  is 
complete,  the  fibers  become  18  per  cent 
thicker  in  diameter,  while  their  length  in¬ 
creases  only  1  per  cent.  This  is  because 
water  primarily  spreads  over  the  surfaces  of 
the  polypeptide  chain  crystallites,  which  are 
much  longer  than  they  are  thick.  The  thin¬ 
ner  the  crystallite  unit,  the  greater  is  the 
percentage  of  lateral  swelling  (8).  In  the  dry 
state  the  building  stones  of  the  polypeptide 
chains  exert  their  full  cohesive  forces  on  one 
another.  The  cohesive  forces  resist  forces 
tending  to  extend  the  folded  chain.  Or,  if  the 
force  is  too  great,  the  fibers  break.  When 
water  enters  the  spaces  between  the  chains, 
it  neutralizes  some  of  these  cohesive  forces 
and  acts  as  a  lubricant.  This  mechanism 
renders  it  easier  to  stretch  keratin  fibers  in  a 
wet  state  than  when  dry  (p.  379). 

Although  the  manner  in  which  water  is 
held  firmly  and  loosely  by  fibrous  structures 
appears  complex  (see  also  p.  499),  involving 
many  kinds  of  chemical  and  physical  forces 
(34,  56),  it  appears  that  the  original  micelle 
theory  of  Naegeli,  postulating  the  existence 
of  submicroscopic  elongated  bodies  which  are 
surrounded,  but  in  the  main  not  penetrated 
by  liquid,  still  holds. 

An  important  factor  in  the  elasticity  of 
keratin  fibers  is  the  existence  of  disulfide 
cross-bridges  (65,  67,  114),  which  act  like  a 
cement  between  the  micelles  (6).  Harris  (67) 
showed  that  if  the  disulfide  cross-links  (p 
356)  are  ruptured,  the  elastic  modulus  of 
keratin  fibers  in  water  is  reduced  to  less  than 


contraction  after  stretching  is  mainly  a 
function  of  the  cross-linkages,  which  tend  to 
settle  in  the  “most  comfortable  position” 
(8)  dictated  by  attractive  forces.  They  are 
best  satisfied  when  the  main  chains  are 
folded,  as  is  the  case  in  their  natural  state. 
Hence  the  tendency  to  spontaneous  con¬ 
traction  after  stretching.  The  role  of  salt 
linkages  in  determining  physical  behavior 
was  studied  by  Speakman  (114,  115). 

The  effects  of  steam,  alkalies,  acids,  and 
a  number  of  reducing,  oxidizing,  and  de- 
aminating  chemicals  on  keratin  fibers  were 
studied  in  great  detail.  Essentially,  their  ef¬ 
fects  consist  of  loosening  or  breaking  link¬ 
ages  within  the  main  chains,  within  cross- 
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Fig.  7. — Disulfide  cross-linkages 

linkages,  and  between  adjacent  side  chains 
and  eventually  the  formation  of  new  (un¬ 
natural)  cross-linkages.  If  a  fiber  is  kept 
stretched  in  steam  for  2  minutes,  it  will  re¬ 
main  elongated  when  removed  from  the 
steam,  because  of  the  destruction  of  con¬ 
tracting  side-chain  forces.  If  the  fiber  is  kept 
for  a  short  while  in  steam,  unstretched,  it 
will  contract  to  about  one-third  less  than  its 
original  length  (“supercontraction”),  again 
indicating  a  loosening  of  the  structure  but 
this  time  leading  to  a  more  extensive  folding 
than  that  of  the  original  a-keratin  state  (8). 

This  supercontraction  represents  a  mod¬ 
ification  of  the  molecular  structure  which  is 
still  reversible  (“temporary  set”).  If  how¬ 
ever,  steaming  or  chemical  action  is  pro- 
onged  or  intensified,  permanent  new  cross- 
linkages  are  built  up,  and  the  “free  keratin” 
chains  (residues  of  broken  cross-bridges)  are 
fixed  again  (“permanent  set”).  These  j>hc- 
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nomena  have  been  widely  exploited  in  the 
so-called  “cold-waving  process”  (19,  33). 

B.  DISULFIDE  CROSS-LINKAGES 

The  strongest  linkages  are  the  disulfide 
bonds  connecting  polypeptide  chains  cross¬ 
wise  (Fig.  7).  The  disulfide  bonds  are  mainly 
responsible  for  the  resistance  of  keratins  to 


enzymatic  digestion  and  other  types  of  chem¬ 
ical  disruption.  When  they  are  broken,  a 
great  variety  of  side-chain  fragments  are 
left,  according  to  the  nature  and  intensity  of 
the  destructive  agents.  Stoves  (122)  lists  the 
following  products  of  -S-S-  breakdown 
which  w'ere  proved  to  occur  by  jirevious 
work  of  Schoberl  el  al.  (110)  and  others: 


HOH 

R-S-S-R - )-R-SH+  R-SOH 

Thiol  Sulfenic  acid 

R-CH2-CH2-SH - )-R-CH  =CH2+H2S 

2  R-CH2-SOH - >-R-CH2-SH  -f  R-COOII  +  H2S 

R-CH2-SOH - )^R-CHO+  H2S 

R-CH2-SOH - ^R-CH20H  +  S 


If  the  fragments  reunite  to  form  a  perma¬ 
nent  set,  as  is  the  case  in  the  cold-waving 
process,  the  most  common  newly  formed 
unnatural  cross-linkage  type  is  the  lanthio- 
nine  linkage  (71,  117): 

I  I 

-c-s-c- 

I  I 


Lanthionine  is  a  compound  closely  resem¬ 
bling  cystine  but  having  only  one  atom  of 
sulfur  instead  of  two.  After  treatment  wdth 
acids  (120)  or  after  treatment  with  reducing 
agents  (92),  the  djenkolic  acid  type  of  cross- 
linkage  can  be  obtained. 


H2C-S-S-CH2 

HaN-HC  CH-NH2 

HOOC  COOH 

Cystine 


H2C-S-CH2 


NH 


NH 


H2N-HC  CHNH2 
HOOC  COOH 


HC-CH2-S-CH2-S-CH2-CH 

1  I 

OC  CO 

I  I 


Lanthionine 


Djenkolic  acid  residue 


The  re-formed  keratins  differ  in  their  solu¬ 
bility,  digestibility,  and  isoelectric  point 
from  the  original  keratin  (61). 

Medically,  the  breakage  of  disulfide 
bonds  occurs  when  sulfides  and  thioglyco- 
lates  are  used  as  depilatories  (95,  61)  and 
when  the  latter  are  used  in  cold- waving  (19, 
33).  All  reducing  agents  act  much  more  in¬ 
tensely  at  an  alkaline  pH.  Speakman  (116) 
demonstrated  that  the  role  of  alkalinity  is 
that  of  breaking  the  salt  linkages  (see  be¬ 
low).  The  rupture  of  the  salt  linkages  facili- 

/ 

^h-ch2-s-s-ch2-ot 


tates  the  penetration  of  the  reducing  agent  to 
the  otherwise  less  accessible  disulfide  bonds. 

Concerning  pathological  events,  it  was 
stated  that  brittleness  of  the  nails,  when 
elicited  by  alkaline  cleansers,  may  be  asso¬ 
ciated  with  a  breakage  of  disulfide  linkages 
(38).  Studies  on  the  exposed  tips  of  hair 
suggests,  interestingly,  that  not  only  al¬ 
kalies  and  other  chemicals  but  also  light  and 
air  may  cause  breakdown  of  disulfide  bonds. 
According  to  Speakman  (114),  this  break¬ 
down  probably  occurs  as  follows: 

^H-CFHSH  +  HOS-CH2-CTI  (1) 


^CH-CH2-S0H  ->  )>CH-CH0+ H2S 


(2) 
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The  question  arises  as  to  whether  a  similar 
decomposition  could  also  occur  by  light  and 
air  in  the  horny  layer  of  the  epidermis  in 
man,  particularly  if  the  skin  is  not  protected 
by  the  natural  lipid  film,  as  is  the  case  in 
“asteatosis.” 

Not  all  disulfide  bonds  in  a  keratin  mole¬ 
cule  are  equally  accessible,  and  a  variable 
percentage  of  the  disulfide  bonds  is  broken 
by  different  procedures.  Schdberl  et  al.  (110) 
maintained  that,  the  methionine  content  of 
wool  being  negligible,  almost  all  the  sulfur  in 
wool  can  be  accounted  for  as  cystine  (or  di- 
sulfide-bond)  sulfur.  Taking  100  per  cent 
cystine  sulfur  as  the  reference  point,  the 
quotient  of  noncystine  sulfur  to  total  sulfur 
will  represent  the  number  of  hydrolyzed  di- 
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built  into  the  chain;  and  free  basic  groups 
exist  wherever  basic  diamino  acids  are  built 
in.  If  a  free  acid  and  free  basic  group  on 
neighboring  polypeptide  chains  face  each 
other  in  close  j)roximity,  there  is  an  electro¬ 
static  attraction  between  the  NH^  group  of 
the  diamino  acids,  and  the  COO^  group  of 
the  dicarboxylic  acids. 

The  example  given  in  Figure  8  shows  the 
simplest  case  of  a  salt  linkage  in  which  the 
free  NHj*"  group  of  a  built-in  lysine  mole¬ 
cule  attracts  the  free  COO“  group  of  a 
built-in  glutamic  acid  molecule.  Speakman 
studied  the  salt  linkages  in  great  detail 
(116,  114). 

From  the  biological  point  of  view  it  is  im¬ 
portant  to  know  that  acids  and  alkalies  at- 
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Fig.  8. — Salt  linkage  between  glutamic  acid  and  fi  sine  residues 


sulfide  groups  and  will  be  a  quantitative  in¬ 
dex  of  the  damage  to  the  fiber.  Philliits  (93) 
succeeded  in  dividing  the  bound  cystine  of 
wool  into  four  subfractions,  differing  in 
chemical  reactivity.  It  appears  that  not  all 
the  disulfide  bonds  act  as  cross-links  be¬ 
tween  the  micelles  but  that  some  are  present 
within  the  micelles. 

Alexander  et  al.  (7,  4)  on  a  new  principle, 
distinguished  two  widely  different  cystine 
groups  in  wool :  one  which  is  oxidized  by  acid 
permanganate  and  alkaline  hyjiochlorite 
(25  per  cent)  and  one  which  is  not  (75  per 
cent).  They  find  that  the  reactivity  of  the  di¬ 
sulfide  groups  is  dependent  on  induced  elec¬ 
trical  effects  from  neighboring  groups  or,  in 

other  words,  on  their  “molecular  environ¬ 
ment.” 

C.  SALT  CROSS-LINKAGES 

Iree  carbo.xylic  groups  occur  in  polypep¬ 
tide  chains  whenever  a  dicarboxylic  acid  is 


tack  primarily  these  salt  linkages.  The 
swelling  of  keratin  fibers  in  acid  and  alkaline 
solutions  is  explained  by  primary  rupture 
of  these  bonds,  whereby  w^ater  can  freely 
enter  the  intermicellar  spaces. 

D.  HYDROGEN  BONDS 

The  hydrogen  bond  or  “hydrogen  bridge” 
(130)  is  an  interaction  betw^een  tw^o  diiwles, 
one  of  which  has  a  hydrogen  atom  at  its  pos¬ 
itive  end,  while  the  other  has  a  very  strongly 
electronegative  end,  with  an  oxygen  atom 
or,  m  some  cases,  a  nitrogen  atom.  The  at¬ 
traction  between  tw'o  such  dipoles  is  much 
greater  than  betw^een  dipoles  in  general,  be¬ 
cause  the  small  size  of  the  hydrogen  atom 
permits  it  to  approach  the  negative  end  of 
the  other  dipole  much  more  closely  than  can 
any  other  electropositive  atom.  Figures  9 
and  10  illustrate  the  positions  of  hydrogen 
bonds  in  polyjieptide  chains  and  in  cross- 
linkages,  respectively.  The  three  main  types 
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of  cross-bonds  in  keratin  are  shown  in  one 
scheme  in  Figure  11. 

In  the  last  ten  years  more  and  more  atten¬ 
tion  has  been  paid  to  alterations  in  the 
physical  properties  of  wool  libers,  to  changes 
in  solubility,  swelling,  elasticity,  supercon¬ 
traction,  and  permanent-set  behavior  which 
could  not  be  explained  by  breakage  of  disul- 

R  I 

CH  CO 


CH  NH 
R  I 

Fig.  9. — Hydrogen  bond  within  the  polypejitide 
chain. 

fide  bonds  or  salt  linkages  (9,  51,  66,  3,  4,  5) 
and  which  were  attributed  to  reversible  and 
irreversible  breakages  of  hydrogen  bonds. 
This  gradually  led  to  a  new  conception  of 
the  structure  of  the  keratin  molecule,  culmi¬ 
nating  in  the  new  theory  of  Alexander  (4). 
According  to  this  theory,  the  a-folding  of 
keratins,  as  already  indicated  by  Astbury 
(9),  is  due  to  hydrogen  bonds,  and  the  dry 
strength  of  the  fiber  depends  almost  wholly 
on  hydrogen  bonds  and  is  hardly  affected  by 
energetic  oxidative  rupture  of  the  disulfide 
linkages.  Both  disulfide  and  hydrogen 
bonds,  however,  contribute  to  the  wet 


strength.  True  elasticity  is  obtained  only 
after  the  breaking  of  hydrogen  bonds.  The 
theory  jiostulates  that  the  micelles  of  wool 
fibers  are  cylindrical,  with  the  main  poly¬ 
peptide  chains  in  the  periphery  (in  the  /3- 
pattern)  running  parallel  to  one  another  and 
held  together  laterally  by  hydrogen  bonds. 
This  cylinder  is  the  most  unreactive  part  of 
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Fig.  10. — Hydrogen  bonds  in  cross-linkages 


the  liber  and  corresponds  to  the  cuticle  of 
the  hair.  Nonpolar  side  chains  point  into  the 
center  of  the  cylinder,  and  polar  side  chains 
point  outward,  as  in  soap  micelles. 

Alexander’s  theory  has  also  touched  ui)on 
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II  (33)._The  three  main  types  of  cross-linkages  in  keratin  molecules 
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treatment  with  strong  lithium  bromide  solu- 


the  biological  problem  of  keratin  formation 
by  his  assumi)tion  that  the  noncornified 
protein  molecules,  containing  sulfhydryl 
groups,  aggregate  in  solution  into  the  cylin¬ 
drical  micelle,  becoming  cross-linked  to  the 
micelle  by  the  formation  of  disulfide  bonds. 
Thereby  the  noncornified  material  loses  its 
original  gel-like  character  and  becomes  a 
wool  fiber.  The  theory,  however,  does  not 
deal  with  the  origin  of  the  cylindrical  mem¬ 
brane  (or  cuticle),  which  obviously  also 
stems  from  living  jirotofilasm. 

A  highly  practical  implication  of  this  new 
concept  has  been  the  discovery  that,  by 


tions,  keratin  molecules  are  reversibly  loos¬ 
ened  by  breakage  of  hydrogen  bonds  (vS,  5, 
4).  For  dermatologists  this  finding  indicated 
that  such  solutions  may  be  used  as  a  new 
class  of  keratolytic  agents  in  dermatother- 
ajiy.  It  was  demonstrated  in  my  laboratory 
( 104)  that,  by  treatment  with  strong  lithium 
bromide  solutions,  human  hair  can  be  made 
sufficiently  permeable  to  permit  the  killing 
of  fungi  inside  the  hair.  The  keratolytic  ef¬ 
fect  of  lithium  bromide  has  also  been  utilized 
in  the  treatment  of  fungus  infections  of 
nails  (103). 


\'l.  EXZYM.VnC  DIGESTION  OF  KERATINS 


In  sjMte  of  the  great  resistance  of  keratins 
to  enzymatic  hydrolysis,  there  are  some  re¬ 
markably  excej)tional  proteolytic  enzymes 
which  do  perform  this  task.  Linderstrom- 
Lang  et  al.  (77,  78,  44)  demonstrated  a 
powerful  proteinase  in  the  middle  intestine 
of  common  clothes-moth  larvae  (Tineola 
biselliella),  which  digests  hard  keratins.  The 
optimum  pH  at  40°  C.  is  9.3.  The  enzyme,  as 
contrasted  with  pancreatic  tr>'^i)tic  enzymes, 
is  not  inhibited  by  sulhydryl  groups.  Thus, 
if  there  is  a  i)rimary  breakdown  of  disulfide 
linkages  to  sulfhydryl  groups  (p.  356),  fur¬ 
ther  enzymatic  decomposition  may  be  at¬ 
tained.  The  exi)lanation  for  the  activity  of 
this  enzyme  in  vivo  is  that  the  intestine  con¬ 
tains  a  strong  reducing  agent.  This  was 
shown  by  feeding  oxidoreductive  indicators 
to  living  larvae.  It  is  j)robably  this  reducing 
agent  which  breaks  the  disulfide  bonds  and 
renders  the  proteins  accessible  to  the  en¬ 
zymatic  action  of  the  intestinal  keratinase 
of  the  moth.  This  is  quite  a  special  situation 
in  the  animal  world.  Otherwise,  in  verte¬ 
brates  as  well  as  in  invertebrates,  keratins 
cannot  be  utilized  because  the  gastrointesti¬ 
nal  juices  are  unable  to  hydrolyze  them. 

Fungi  are  more  powerful  in  this  respect. 
Jensen  (73)  demonstrated  the  decomposi¬ 
tion  of  keratins  by  two  Aclinomyces  strains 
— -1.  Krainsky  and  one  strain  closely 

related  to  A\  aksman’s  Actinomyces  145,  both 
occurring  in  soil.  These  organisms  thrive  on 


pure  keratin,  forming  ammonia  and,  in  the 
presence  of  a  mixed  flora,  also  forming 
nitrates.  Even  more  important  is  a  recent 
finding  by  Stahl  et  al.  (118),  demonstrating 
the  presence  of  a  keratinase  in  the  fungus 
Microsporon  gypseum,  which  is  pathogenic 
for  human  skin.^  In  decreasing  order  of  ef¬ 
ficacy,  it  digests  collagen,  feathers,  hoof, 
wool,  horn,  horsehair,  and  silk.  The  enzyme 
has  endo-  and  exoproteinase  components,  all 
different  from  tryjjsin. 

It  should  be  noted  that  the  hair  of  various 
mammals,  including  man,  is  not  perfectly 
resistant  to  tryptic  digestion.  Elod  and 
Zahn  (52)  found  that  10  per  cent  of  the 
nitrogenous  material  of  sheep  wool  is  solu¬ 
bilized  by  pancreatin;  and  Stoves  (121) 
pointed  out  that  if  hair  is  cross-sectioned, 
the  medulla  can  be  completely  disintegrated 
by  trypsin.  Because  cuticle  and  cortex  with¬ 
stand  this  action  on  the  outside  and  because 
trypsin  has  no  access  to  the  medulla,  the 
whole  hair  appears  to  be  indigestible.  Ca- 
stellino  (35,  36)  experimented  with  the  pro¬ 
teinase  which  can  be  extracted  from  mam¬ 
malian  epidermis  (p.  704)  but  found  that  it 
does  not  digest  keratin. 


AN.  .  aV1.« 


1  IMycologia,  42: 

602,  1  L.  Ajello,  The  dernialoi)hyte,  Micro- 
sporum  gypsemn,  as  a  saprophyte  and  parasite 

J.  Invest.  Dermat.,  21:157-71  1953 
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VII.  CLASSIFICATION  OF  KERATINS 


The  first  attempt  to  classify  keratins  was 
that  of  Unna  (124,  125).  His  classification 
into  keratin  A,  keratin  11,  keratin  C,  and 
keratin-albumose  was  based  on  different  re¬ 
sistance  to  hydrolyzing  and  oxidizing  agents. 
Keratin  A  withstands  even  treatment  with 
a  mixture  of  40  per  cent  sulfuric  acid  and  10 
per  cent  hydrogen  peroxide  for  24  hours  and 
is  found  in  the  outermost  layers  of  hoofs, 
claws,  horns,  nails,  and  in  hair  cuticles  and 
feather  cuticles.  Keratin  B,  in  contrast  to  A, 


TABLE  8 

Two  Types  of  Keratin  (58) 


Hard 

Not  desquamating 
High  sulfur  content 
High  cystine  content 
More  sensitive  to  Na2S 
Does  not  reduce  KMn04 
Fat  content  low 


Soft 

Desquamating 
Dnv  sulfur  content 
Low  cystine  content 
Less  sensitive  to  Na2S 
Reduces  KMn04 
Fat  content  high 


is  decomposed  by  strong  acids  and  weak 
alkalies  and  occurs  on  the  inside  of  horns, 
hoofs,  and  claws.  Keratin  C  is  attacked  by 
alkalies,  but  not  by  concentrated  nitric  acid, 
and  is  present  inside  hairs  and  feathers. 
Keratin-albumoses  are  the  not  fully  kera¬ 
tinized  parts  of  horny  cells.  They  are  easily 
soluble  in  nitric  acid  or  in  a  sulfuric  acid- 
hydrogen  peroxide  mixture  and  can  be  re¬ 
precipitated  by  phosphotungstic  acid  or  by 
saturation  with  sodium  chloride.  In  the 
horny  layer  of  human  plantar  skin,  Unna 
found  13  per  cent  keratin  A,  10  per  cent  kera¬ 
tin  B,  and  abundant  amounts  of  albumose. 


A  second  classification  scheme  was  that 
of  Giroud,  Bulliard,  and  Leblond  (58).  They 
attempted  to  establish  consistent  differ¬ 
ences  between  soft  and  hard  keratin  struc¬ 
tures,  not  denying,  however,  that  transition¬ 
al  features  make  such  a  classification  diffi¬ 
cult.  Biologically,  their  main  points  were 
that  soft  keratins,  such  as  those  of  the 
horny  layer,  do  desquamate,  while  hard 
keratins,  belonging  to  the  appendages,  do 
not,  and  that  hard  keratins  are  formed 
rather  simply  (without  interposition  of  a 
granular  layer),  while  the  formation  of  soft 
keratins  is  complicated,  the  process  passing 
through  a  number  of  consecutive  phases. 
They  suggested  that  the  process  producing 
keratins  which  disaggregate  spontaneously 
(i.e.,  desquamate)  should  be  called  “schizo- 
keratinization,”  as  contrasted  with  “sclero- 
keratinization,”  in  which  nondesquamating 
horny  material  is  produced.  The  chemical 
and  histochemical  differences  found  by 
Giroud  et  at.  are  tabulated  in  Table  8. 

In  view  of  modern  knowledge,  it  is  obvi¬ 
ous  that  keratinization  is  a  continuous  pro¬ 
gressive  process  and  that  it  is  a  matter  of  the 
degree  of  keratinization  which  determines 
how  the  end-products  will  behave.  There¬ 
fore,  it  is  rather  hopeless  to  establish  cate¬ 
gories.  Even  the  distinction  of  desquamating 
and  nondesquamating  keratins  is  a  relative 
one.  Callosities,  for  instance,  are  patho¬ 
logical  variants  of  soft  ei)idermal  keratins 
and  certainly  desquamate  less  than  normal 
keratin  of  the  horny  layer  (p.  378). 
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The  germinative  cells  of  the  epidermis, 
hairs,  and  nails  have  an  intrinsic  life- 
cycle.  As  they  multi[)ly  and  their  daughter- 
cells  approach  the  surface,  they  gradually 
change  their  character  until  their  life  termi¬ 
nates  with  the  formation  of  dead  anuclear 
horny  cells.  In  the  mammalian  epidermis 
this  dead  end-product  is  continuously  shed  in 
the  form  of  invisible  tiny  particles.  The  trans¬ 
formation  of  living  epithelial  cells  into  horny 
material  is  called  the  “keratinization”  or 
“cornification”  process.  This  process  is  one 


of  the  most  important  facets  of  the  biology 
of  the  skin. 

In  discussing  the  jirocess  of  keratiniza¬ 
tion,  it  should  be  kejit  in  mind  that  this 
jirocess  includes  not  only  the  transformation 
of  cytoplasmic  jiroteins  into  keratin  fibers 
but  also  a  complete  disintegration  of  the 
keratinizing  cell,  including  decomposition  of 
both  cytoplasm  and  nucleus.  Irom  the 
clinician’s  jioint  of  view,  both  features  are 
equally  important  because  either  one  or 
both  can  be  disturbed  in  keratinization 
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anomalies.  In  faulty  keratinizalion,  dis-  of  keratin  formation  The  two  aspects  will 
turbances  of  the  cellular  decomposition  are  be  discussed  separately, 
probably  at  least  as  important  as  anomalies 


I.  TR.\NSFORM.VnON  OF  CYTOPLASMIC  PROTEINS  INTO  KERATINS 


A.  TONOFIBRILS  AND  THE  KERATINI- 
ZATION  PROCESS 

Because  most  of  the  cellular  proteins  are 
globular  in  shape,  or  at  least  tightly  coiled, 
one  may  be  inclined  to  believe  that  keratini- 
zation  involves  straightening  of  coiled  poly¬ 
peptide  chains;  but  it  is  not  quite  clear 
whether  such  straightening  actually  occurs, 
because  possibly  the  tonofibrils  are  the 
forerunner  elements  of  keratinization,  which 
themselves  are  fibrous  in  structure.  As  men¬ 
tioned  (p.  344),  tonofibrils  show  the  same 
X-ray  a-diagram  as  do  keratin  fibers,  which 
indicates  that  they,  too,  consist  of  elongated 
chains.  Histochemical  observations  suggest 
that  tonofibrils  are  the  crystallization  cen¬ 
ters  of  keratin  formation  (81,  82,  69). 

Keratinization  starts  very  early  also  in 
the  periphery  of  the  cell;  as  a  matter  of  fact, 
the  periphery  undergoes  the  most  intense 
keratinization,  and  it  is  not  known  whether 
there  are  preformed  fibrous  proteins  in  the 
cell  “membrane.”  The  difficulty  in  evaluat¬ 
ing  the  histological  observation  is  best  illus¬ 
trated  by  the  remarkable  findings  of  Szodo- 
ray  (79).  He  treated  skin  sections  with 
tryptic  enzymes  and,  after  digestion,  ob¬ 
tained  a  meshwork  of  lines  corresponding 
with  the  contours  of  cells  in  the  upper  Mal¬ 
pighian  layer.  The  cell  content  was  com¬ 
pletely  washed  out.  These  findings  indicated 
that  the  cell  periphery  becomes  increasingly 
trypsin-resistant  as  the  rete  cells  ascend  or, 
in  other  words,  that  it  starts  to  keratinize  in 
the  upper  Malj)ighian  layer  before  the  intra¬ 
cellular  fibrils  show  a  similar  tendency. 
However,  on  close  inspection,  the  cell  con¬ 
tour  hues  proved  to  be  composed  of  tiny 
nodules;  and  the  possibility  that  the  “lines” 
represented  crossing  points  of  epithelial 
fibrils  (known  m  histology  as  the  “Bizzozero 
nodules”  or  “Ranvier  nodules”)  could  not 
be  excluded.  Thus  the  concept  that  fibrils  are 


the  primary  site  of  keratinization  was  not 
ruled  out. 

Heringa  et  al.  (22,  23)  went  so  far  as  to  as¬ 
sume  that  keratinization  does  not  actually 
involve  any  protein  conversion  into  keratin 
but  rather  an  “unmixing  and  decomposi¬ 
tion”  of  the  fluid  cell  content,  while  the 
fibrils  remain;  the  fibrils  become  coherent 
and  thereby  are  converted  into  keratin. 
Giroud  el  al.  (37)  objected  to  this  view  on 
the  basis  of  differences  they  had  found  in  the 
sulfur  content  of  nonkeratinized  and  kera¬ 
tinized  epithelium.  The  view  is  objection¬ 
able,  also,  because  the  rete  certainly  does 
not  contain  elements  which  are  as  trypsin- 
resistant  as  keratin  fibers  are.  The  fact  that 
tonofibrils  have  an  a-keratin  X-ray  spec¬ 
trum  certainly  does  not  mean  that  their 
chemical  composition  is  identical  with  that 
of  keratin.  The  a-picture  is  the  same  with 
and  without  increase  in  the  number  of  di¬ 
sulfide  bonds,  and  there  are  fibrous  proteins 
with  the  a-keratin  spectrum  which  never 
keratinize,  such  as  myosin.^ 

While  it  is  possible  that  epidermal 
keratinization  starts  in  the  tonofibrils,  there 
can  be  little  doubt  that  these  fibrils  have  to 
undergo  further  changes  in  order  to  become 
keratin  fibers.  That  there  are  considerable 
differences  in  the  physical  behavior  of  epi¬ 
dermal  fibrils  and  horny  fibers  has  been  con¬ 
clusively  demonstrated  in  the  recent  work 
of  Rudall  (p.  346). 

The  simultaneous  initial  keratinization  in 
the  cell  periphery  requires  further  elucida- 


X.  ivxciLci  luuiui  inai  in  a  relativelv  early  jihase 
of  hair  formation,  in  the  so-called  ’“unstabilized 
fibrous  region,”  the  same  a-iiattern  is  present  as  in 
the  final  hair.  Total  birefringence  and  X-ray  pattern 
are  not  alTected  by  the  ensuing  consolidation  and 
hardening  of  the  hair  fiber  (E.  H.  Mercer,  Some 
experiments  on  the  orientation  and  hardening  of 
keratin  in  the  hair  follicle,  Biochim.  et  biophvs 
acta,  3:161-69,  1949).  For  differences  in  the  .o," 
erties  of  epidermm”  and  of  keratin  see  also  p.  446. 
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tion.  Whether  the  keratinization  of  ap¬ 
pendages  starts  from  preformed  fibrils  or 
from  globular  proteins  is  not  known.  Mar- 
ston  (48)  found  no  evidence  whatsoever  of 
preferred  orientation  in  the  contents  of  ger- 
minative  cells  prior  to  hair  formation,  which 
implies  that  keratinization  does  involve  the 
straightening  of  coiled  chains.  Interestingly, 
however,  he  found  that  the  cortical  cells  be¬ 
come  anisotropic  (meaning  a  preferred  direc¬ 
tion  of  orientation)  before  the  keratin  is  set 
by  oxidative  closure  of  — SH  groups. 


B.  THE  FORMATION  OF  DISULFIDE 
CROSS-LINKAGES 

It  was  emphasized  on  page  351  that  the 
only  consistent  chemical  difference  between 


OHHOH  OHHOH 

II  I  I  II  I  II  I  I  II  I 
-C-N-C-C-N - C-N-C-C-N- 

1  I 


HCH 

I 

SH 

SH 

I 

HCH 


HCH 

I 

S 

>  I 

s 

I 

HCH 


-C-N-C-C-N - C-N-C-C-N- 


OHHOH  OHHOH 


Fig.  1. — Formation  of  disulfide  bond 


the  composition  of  keratins  and  that  of  cell 
proteins,  from  which  keratin  derives,  is  the 
higher  cystine  content  of  keratins.  The  in¬ 
crease  in  cystine  content  is  associated  with  a 
decrease  in  sulfhydryl-containing  amino 
acids.  By  far  the  largest  part  of  the  cystine- 
sulfur  in  the  keratin  molecule  is  present  in 
the  form  of  disulfide  cross-linkages.  There¬ 
fore,  even  though  it  never  has  been  shown 
directly,  there  can  be  little  doubt  that  dur¬ 
ing  keratinization  sulfhydryl-containing 
amino  acid  residues  facing  each  other  on 
neighboring  polypeptide  chains  will  close  to 
form  a  disulfide  cross-linkage.  There  is  prob¬ 
ably  quite  general  agreement  that  this  reac¬ 
tion  is  the  paramount  chemical  feature  of 
keratin  formation.  Cohn  and  Edsall  (  ) 

present  the  scheme  shown  in  figure  1  to 
illustrate  the  formation  of  disulfide  bonds. 


In  this  scheme  the  sulfhydryl-containing 
amino  acid  residues  represent  cysteine;  and 
when  their  adjacent  — SH  groups  are  oxi¬ 
dized  to  form  an  -S-S-  group,  the  cysteine 
residues  will  form  a  cystine  residue  which 
bridges  over  two  polypeptide  chains.  This 
transformation  is  rather  simple  and  easy  to 
understand  and  accounts  for  the  diminution 
of  -SH  groujis  in  keratinization.  It  is  more 
difficult,  however,  to  account  for  the  lessen¬ 
ing  of  the  amount  of  methionine,  as  doubt¬ 
less  occurs  in  keratinization  (p.  369). 

Sulfur  in  methionine  has  a  position  in  the 
molecule  quite  different  from  its  position  in 
cysteine,  being  situated  between  a  CH2  and 
a  CH3  group.  In  such  a  position,  sulfur  is  not 
labile.  For  instance,  it  cannot  be  split  off  by 
alkali,  as  contrasted  with  cysteine-sulfur 
and  cystine-sulfur. 

It  has  been  known  for  half  a  century  from 
the  work  of  the  Moerners  (56,  57)  that  pro¬ 
teins  contain  sulfur  in  two  different  forms 
A  labile  sulfur,  which  is  liberated  in  hot  al¬ 
kaline  solution  as  sulfide  ion,  and  a  non- 
labile  sulfur,  which  yields  methylsulfonic 
acid  when  proteins  are  treated  with  nitric 
acid.  The  nature  of  the  nonlabile  sulfur  re¬ 
mained  unknown  until  1922,  when  the  new 
sulfur-containing  amino  acid,  methionine, 
was  isolated  from  protein  hydrolysates  by 
J.  H.  Mueller  (62,  63). 

From  our  point  of  view,  the  problem  is 
whether  methionine  in  protein  can  be  uti¬ 
lized  for  the  formation  of  disulfide  cross- 
linkages,  as  cysteine  is.  Again,  the  actual 
occurrence  of  such  a  process  has  not  been 
demonstrated,  but  it  certainly  could  occur, 
because  methionine  can  be  transformed  into 
cystine  by  living  tissues.^ 

It  is  known  that  methionine  is  an  essential 
amino  acid,  while  cysteine  and  cystine  are 
not  (89,  84,  47).  Methionine  can  replace 


2.  The  old  literature  is  extensively  quoted  in 
(thman  and  Schaaf  (69). 

S  This  has  recently  been  confirmed  in  wound- 
aling  experiments  by  Williamson  and  hromm 
[  B  Williamson  and  H.  J.  hromm,  KlTect  o  c> 

,e  and  methionine  on  healing  of  expenmenla 
Ids,  Proc.  Soc.  Kxper.  Biol.  &  Med.,  80:623-26 
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cystine  either  for  growth  in  general  or,  more 
specifically,  for  the  growth  of  hair  (21).  How 
this  process  may  be  achieved  is  shown  in 
Figure  2.  The  main  steps  in  the  conversion 
are  the  demethylation  of  methionine  to 
homocysteine  and  the  formation  of  an  addi¬ 
tion  product  of  homocysteine  and  serine.  In 
view  of  the  low  methionine  and  high  cystine 


and  easily  soluble  proteins  may  contain  as 
much  cystine  as  keratin.  This  is  the  case 
with  insulin  (13  per  cent  cystine).  But  it  is 
clear  that  the  salient  point  is  not  the 
amount  of  cystine  but  its  position  in  the 
molecule.  It  adds  to  the  solidity  of  the  mole¬ 
cule  only  if  its  disulfide  groups  act  as  a 
cross-link  between  two  chains. 
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Fig.  2.  The  mam  reactions  involved  in  the  conversion  of  methionine  to  cystine  i 


in  vivo  (48) 


content  of  keratins,  it  seems  reasonable  to 
assume  that  all  these  steps  occur  in  the 
course  of  keralinization  and  that,  in  the 
final  stage,  the  sulfur  atoms  of  methionine 
are  incorporated  as  -S-S-  cross-linkages 
into  the  keratin  molecule.  Whether  all  this 
can  occur  in  the  polypeptide  chain  or  only  if 
methionine  is  free  is  not  known. 

The  formation  of  new  disulfide  cross- 
linkages  satisfactorily  e.xplains  the  resist¬ 
ance  of  keratins  to  enzymatic  and  chemical 
hydrolysis.  It  is  known  that  globular,  soft. 


Insulin  can  be  transformed  into  a  fibrous 
protein  by  heating  in  acid  solutions;  and 
Marston  (48)  thought  that  this  process  was 
reminiscent  of  keratinization,  in  which 
globular  proteins  of  epithelial  cells  trans¬ 
form  into  the  fibrous  state. 

C.  THE  DISAPPEARANCE  OF  SULFHYDRYL 
GROUPS  AND  THE  KERATOGENOUS 
ZONE  OF  GIROUD 

The  small  number  of  -SH  groups  in 
keratinized  material  as  compared  with  that 
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ill  cell  proteins  from  which  it  derives  is  well  structures,  prior  to  the  complete  disajipear- 
established  by  chemical  analysis  and  by  his-  ance  of  the  — SH  color  reaction,  there  is  a 
tochemical  findings.  The  early  literature  on  zone  in  which  the  color  reaction  is  quite  in¬ 
die  negative  -SH  color  reaction  in  keratin-  tense,  more  intense  than  in  the  cells  below 
ized  structures,  reviewed  in  my  Chemistry  of  (Fig.  3);  he  called  this  zone  the  “phanero- 


F.r  1  Phaneroeenic  zone  of  Giroud.  Sodium  nilroprusside  reaction  staining  sulfhydrvl  groups. 
/.  hun'ian  reaction  of  .he  s.ra.on,  huo...  hain 

horse;  5.  human  nail,  sagittal  section;  6,  corn  frorn  7  ^,,,1  illustrate  well  the 

s,:ongtactlorort::tr"ul^nrFr‘l  Giroud  and  huliiard  ‘,,,,„;(Re,;ro<l„ced  hy  „ermission  of 
Gaston  Doin  et  Cie.) 


the  Skin  (69),  was  essentially  confirmed  in 
newer  work  (53).  a\ll  findings  fit  well  the 
concept  of  -S-S-  bridge  formation  from 
-SH  groups  in  keratinization.^ 

However,  a  peculiar  jihenomenon,  first 
described  by  (iiroud  (35),  has  remained 
without  interpretation,  (firoud  demonstrat¬ 
ed  that  in  the  development  of  hard  keratin 


lie  zone,”  meaning  that  such  a  zone  occurs 
appendages  (phaneres)  just  prior  to  their 
4.  Recent  work  of  Rudall  (]>.  .^6)  and  of  Van 

itt  and  Flesch  (personal  communication)  has  cast 
le  doubt  on  the  occurrence  of  disulfide  closure  m 
dermal  keratinization  as  contrasted  with  kera- 
ization  in  hair  and  nails.  1'he  assumption  has  been 
.t  disappearance  of-SH  groups  must  have  some 
iitional,  different  mechanism. 
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development  but  does  not  occur  in  epidermal 
keratinization.  Since  (liroud’s  work,  how¬ 
ever,  this  zone  has  been  shown  to  occur  also 
in  the  epidermis  (53),  and  therefore  the  term 
“keratogenous  zone”  probably  is  to  be 
preferred. 

The  sudden  ai)pearance,  before  keratini¬ 
zation  sets  in,  of  a  relatively  great  number  of 
sulfhydryl  groups  can  be  interpreted  in  two 
ways.  Either  there  is  a  hydrolytic  splitting 
of  amino  acids  (p.  372),  with  liberation  of 
hidden  -SH  groups,  or  hidden  -SH  groups 
may  get  to  the  surface  by  the  unfolding  of 
coiled  chains. 

Discussing  the  possible  mechanisms  of 
formation  of  -S-S-  cross-linkages,  Marston 
(48)  considered  both  the  possibility  that 
sulfhydryl  groups  within  the  polype{)tide 
chain  are  o.xidized  in  pairs  (as  shown  in  Fig. 
1)  and  the  possibility  of  complete  hydrolytic 
breakdown  prior  to  keratin  formation;  and 
he  considered  the  latter  to  be  the  more  prob¬ 
able  event,  which  might  explain  the  exist¬ 
ence  of  a  keratogenous  zone.  But  nothing  is 
actually  known  about  this  important  phase 
introducing  keratinization. 


D.  THE  CATALYTIC  EFFECT  OF  COPPER  IN 
THE  FORMATION  OF  DISULFIDE 
CROSS-LINKAGES 

The  catalytic  effect  of  copi)er  in  the  for¬ 
mation  of  disulfide  cross-linkages  is  a  highly 
important  aspect  of  keratinization  and  was 
studied  by  Marston  (48),  whose  description 
is  closely  followed  here.  Normally,  in  the 
sheep,  when  hair  germ  cells  mature,  little 
surface  is  available,  and  they  take  up  a 
shape  characteristic  of  minimal  surface.  In 
this  state  they  are  forced  from  below  toward 
the  conical  constriction  of  the  follicle.  Dur¬ 
ing  this  passage  outward,  the  cells  are  grad¬ 
ually  compressed  to  about  one-eighth  their 
original  cross-sectional  area.  They  become 
elongated  into  the  spindle-shaped  cortical 
cells  which  later,  when  keratinized,  consti¬ 
tute  the  wool  fiber.  The  basal  cells  mature 
and  divide  approximately  every  2  hours,  and 
between  2M)  and  300  ^  of  fiber  are  extruded 
each  day.  The  histochemical  sulfhydryl  reac¬ 
tion  with  sodium  nitroprusside  is  moderate¬ 


ly  weak  in  the  basal  cells;  but  at  the  level 
where  intracellular  granules  start  to  appear 
and  microfibrillae  are  formed,  the  stain  is 
intense.  The  strong  color  reaction  of  the 
keratogenous  zone  extends  for  approximate¬ 
ly  100  M  along  the  fiber  and  ceases  quite 
abruptly  in  the  fully  keratinized  fiber. 

In  sheep  which  have  been  fed  on  a  cop¬ 
per-deficient  diet  the  intense  sulfhydryl  re¬ 
action  starts  at  the  same  level  as  in  normal 
animals,  but  it  extends  1,000  n  or  more  along 
the  fiber.  Almost  the  whole  length  of  the 
fiber  which  is  imbedded  in  the  skin  reacts 
strongly  with  the  nitroprusside  reagent. 
Only  at  the  level  of  the  follicular  orifice  does 
the  reaction  start  to  weaken,  lessening  until 
it  becomes  entirely  lost  in  the  protruding 
part. 

Parallel  to  these  histochemical  findings, 
Marston  has  shown  that  the  total  sulfur 
content  of  wool  fibers  in  copper  deficiency  is 
10-15  per  cent  lower  than  normal.  The  fibers 
in  copper  deficiency  are  weak,  as  they  were 
after  artificial  rupture  of  disulfide  bonds. 
Obviously,  there  is  a  slow  setting  of  the 
fibers,  but  the  a-keratin  pattern  is  present 
also  in  copper-deficient  fibers;  so  the  setting 
finally  does  take  place. 

On  this  evidence,  Marston  has  little 
doubt  that  oxidative  closure  of  the  sulfhy¬ 
dryl  residues  to  disulfide  linkages  is  cata¬ 
lyzed  by  copper.  In  the  normal  integument 
this  oxidation  is  completed  within  8-12 
hours.  In  copper  deficiency  the  process 
takes  3  days  or  more  for  completion,  and 
even  then  the  fiber  retains  its  plasticity  in 
the  proximal  half  of  the  hair,  or  at  least  to 
the  level  where  the  sebaceous  glands  enter. 

Marston  emphasized  that  similar  delays 
in  keratinization  do  not  occur  in  cobalt  defi¬ 
ciency  and  that  the  effect  of  copper  deficien¬ 
cy  is  a  direct  one,  and  not  via  oxidative  en¬ 
zymes:  there  is  no  change  in  the  status  of 
cytochrome  C  and  cytochrome  oxidase  of 
tissues  in  copper  deficiency.  He  states  also 
t^hat  deficiency  in  vitamin  B  factors  (ribo¬ 
flavin,  biotin,  pyridoxine,  and  panthothenic 
acid),  even  if  decreasing  wool  production, 
(oes  not  act  on  the  keratinization  imocess 
proper,  as  copjier  does,  but  acts  rather,  in- 
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directly,  by  modifying  the  division  and 
maturation  of  tlie  proliferative  cells  in  the 
lower  strata. 

Thus  it  appears  that  the  effect  of  copper 
is  quite  a  specific  one.  In  this  connection  it  is 
intriguing  to  recall  an  earlier  statement  by 
Flesch  and  Rothman  (30)  that  the  two  most 
common  and  general  reactions  to  cutaneous 
injuries — hyperpigmentation  and  hyper- 
keratinization — have  in  common  the  trans¬ 
formation  of  sulfhydryl  groups  into  disulfide 
groups.  One  may  now  add  another  common 
feature  by  stating  that  in  both  cases  these 
processes  are  catalyzed  by  copper. 

In  a  more  recent  publication  Ellis,  Gilles¬ 
pie,  and  Lindley  (25)  followed  the  keratini- 
zation  process  by  analyzing  wool  roots  mi- 
crochemically.  They  demonstrated  that 
sulfur  is  present  in  these  roots  overwhelm¬ 
ingly  in  the  form  of  sulfhydryl  compounds 
and  not  in  disulfide  linkage.  They  also  found 
a  much  higher  concentration  of  copper  in  the 
wool  root  than  in  the  fully  formed  fiber. 
They  assumed  that  in  some  way  copper  is 
withdrawn  from  the  root  as  it  is  transformed 
into  a  fiber.  These  authors  also  reported  the 
presence  in  the  wool  root  of  a  great  variety 
of  enzymes  which  may  promote  the  transfer 
of  high-energ>'  phosphate  bonds  required  for 
peptide-bond  synthesis.  They  calculated 
that  conversion  of  2  -SH  to  -S-S-  releases 
energy  which  conceivably  accounts  for  1  per 
cent  of  peptide  bonds  in  keratin. 


E.  THE  PROBLEM  OF  ABSOLUTE  INCREASE  IN 
SULFUR  CONTENT  AND  THE  POSSIBILITY 
OF  HYDROLYTIC  DECOMPOSITION 


The  transformation  of  methionine  into 
cystine  and  the  oxidation  of  all  sulfhydryl 
groups  to  disulfides  do  not  account  for  the 
absolute  increase  in  sulfur  content  that  oc¬ 
curs  when  keratin  develops  from  cellular 
proteins.  According  to  data  of  Giroud  ^  at. 
(35)__for  instance,  in  the  horn  of  cattle 
the  nucous  layer  contains  1  per  cent  sulfur 
per  dry  weight,  while  the  sulfur  content  of 
the  keratin  is  3.4  per  cent  of  the  dry  weigh  . 
The  only  available  exiilanalion  is  that, 
iirior  to  or  simultaneously  willi  keratimza- 
tion,  there  is  hydrolytic  sphttmg-off  of 


amino  acids  which  do  not  contain  sulfur. 
If  this  is  the  case,  the  absolute  sulfur  con¬ 
tent,  of  course,  will  increase.  Again,  Unna 
(81)  was  the  first  to  postulate  hydrolysis 
in  the  jirocess  of  keratinization;  but  he 
assumed  that  cystine  is  split  off  in  the  cen¬ 
tral,  nonkeratinizing  part  of  the  cell  and 
that  the  free  cystine  migrates  to  the  periph¬ 
ery  to  be  incorporated  into  the  keratinizing 
membrane.  An  early,  but  surprisingly  mod- 
dern,  view  was  that  of  Sammartino  (71).  He 
found  in  keratins  unusually  large  percent¬ 
ages  of  tyrosine,  tryptophane,  cystine, 
glutamic  acid,  and  arginine  and  relatively 
low  percentages  of  aliphatic  monoamino 
acids.  This,  he  concluded,  shows  that  during 
keratinization  the  latter  acids  are  split  off 
from  the  protein  molecule  and  that  there  is 
a  pseudo-increase  in  the  percentages  of  the 
rest. 

Evidence  that  hydrolysis  actually  takes 
place  during  keratinization  was  presented 
first  by  Bolliger  (9),  who  demonstrated  the 
presence  of  the  nonsulfur-containing  free 
amino  acids,  glutamic,  valine,  and  leucine, 
in  water  extracts  of  hair.  He  found  that  3.5 
per  cent  of  the  weight  of  dry,  fat-free  hair  is 
water-soluble  material  (“nonkeratins”)  (10) 
and  that  300  mg.  per  cent  of  the  weight  of 
hair  is  accounted  for  by  free  amino  acids. 
Similarly,  in  my  laboratory,  Sullivan  (77) 
found  a  great  number  of  free  amino  acids  in 
cold-water  extracts  of  hair  but  none  of  the 
sulfur-containing  amino  acids.  These  find¬ 
ings  support  the  theory  that  prior  to  or  dur¬ 
ing  the  keratinization  process  hydrolysis 
takes  place  and  that  sulfur-containing  frag¬ 
ments  are  incorporated  in  statu  nascendi 
into  the  keratins,  while  other  fragments  re¬ 
main  in  the  cell  or  in  the  cellular  debris  as 

free  amino  acids. 


F.  FORMATION  OF  SALT  LINKAGES 
AND  HYDROGEN  BONDS 

Nothing  is  known  about  how  these 
ukIs  are  formed  in  vivo  during  keratiniza- 
on.  It  is  probable,  however,  at  least  in  tie 
ise  of  hair,  that  they  develop  simultaneous- 
.  with  the  unfolding  of  coiled  chains  into 
,e  a-fold  pattern.  That  hydrogen  bonds 
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contribute  to  the  solidity  of  the  epidermal 
horny  layer  can  be  concluded  from  the 
keratolytic  effect  of  strong  lithium  bromide 
solutions  on  this  layer  (p.  359). 

G.  GLYCOGEN  SYNTHESIS  OR  ACCUMULA¬ 
TION  OF  GLYCOGEN 

Claude  Bernard  (3,  4)  was  the  first  to  ob¬ 
serve  that  the  soft  keratogenous  zone  of  the 
hoof  of  the  embryonic  cow  contains  abun¬ 
dant  glycogen  and  that  it  disappears  from 
each  cell  as  the  latter  becomes  keratinized. 
Unna  (82)  demonstrated  the  presence  of 
glycogen  in  human  skin  in  the  “infrabasal 
horny  layer,”  which  is  clearly  a  keratoge¬ 
nous  zone ;  and  he  observed  its  disappearance 
with  the  onset  of  keratinization.  Recently, 
his  findings  were  confirmed  by  Smith  and 
Parkhurst  (74),  who  found  glycogen  in  the 
stratum  granulosum  but  not  in  the  horny 
layer. 

Most  impressive  histochemical  findings 
concerning  glycogen  and  hair  formation 
were  reported  by  Montagna,  Chase,  and 
Hamilton  (58).  While  there  is  no  glycogen  in 
the  actively  dividing  matri.x  cells  of  the 
bulb,  glycogen  appears  in  the  next  genera¬ 
tion  of  keratin-forming  cells  of  medulla,  cor¬ 
tex,  and  cuticle  of  hair  and  in  the  external 
sheath.  As  actual  keratinization  sets  in,  the 
amount  of  glycogen  diminishes  and  has  dis¬ 
appeared  completely  by  the  time  that 
keratinization  has  become  complete.  The  in¬ 
verse  relation  between  glycogen  accumula¬ 
tion  and  progressive  keratinization  is  unmis¬ 
takable.  For  instance,  keratinization  of  cells 
of  the  medulla  is  slower  and  less  complete 
than  in  the  cortex  or  cuticle,  and,  corre¬ 
spondingly,  glycogen  extends  farther  distal- 
ly  before  disappearing  in  the  medulla.  Or 
there  is  no  glycogen  in  the  inner  sheath  cells, 
which  are  characterized  by  extremely  early 
and  rapid  keratinization. 

All  these  findings  can  be  related  to  ob- 
servaUons  on  the  vaginal  mucosa,  in  which 
keratinization  can  be  provoked  by  adminis¬ 
tration  of  estrogenic  hormone.  This  reaction 
IS  associated  with  the  accumulation  of  glyco¬ 
gen  m  the  mucosal  cells  (15).  What  the  con¬ 
nection  between  keratinization  and  glycogen 


synthesis  can  be,  is  at  present  a  matter  of 
speculation.  Bullough  (13)  has  showm  that 
epithelial  mitotic  activity  of  mouse  epider¬ 
mis  can  be  stimulated  by  starch  injection, 
but  also  by  the  injection  of  phosphates.  Pos¬ 
sibly  high-energy-bond  phosphates  of  aden¬ 
osine  triphosphate  are  responsible  for  gly¬ 
cogen  synthesis,  and  the  glycogen  degrada¬ 
tion  in  keratinization  supplies  energy  for  the 
chemical  reaction  required  therein.  In  estro¬ 
gen-stimulated  vaginal  mucosa,  increased 
lactic  acid  production  w'as  also  demon¬ 
strated  (15). 

Bullough  (13)  has  also  shown  that  any¬ 
thing  which  hinders  glycogen  synthesis,  such 
as  muscular  exercise,  cold,  or  phlorizine, 
suppresses  the  mitotic  activity  of  epidermal 
cells.  The  higher  mitosis  rate  during  sleep 
and  rest  (p.  597),  as  compared  with  that  dur¬ 
ing  activity,  was  interpreted  in  a  similar 
way.  Obviously,  depressed  mitotic  activity 
involves  a  decreased  rate  of  keratinization. 

Only  after  completion  of  this  part  of  the 
manuscript,  did  I  find  the  publication  of 
Bradfield  (12),  who  developed  in  greater  de¬ 
tail  the  idea  that  glycogen  may  serve  as  a 
source  of  energy  in  keratinization.  He  found 
that,  with  the  onset  of  epithelization  of  e.x- 
perimental  w'ounds  in  guinea  pigs,  the  new 
epithelial  cells  contain  large  amounts  of  gly¬ 
cogen.  The  new  epithelial  sheath  consists  of 
10-12  layers  and  has  no  horny  layer.  Glyco¬ 
gen  is  contained  in  the  outer  parts,  not  in  the 
2  or  3  basal  layers.  As  the  outermost  cells 
start  to  keratinize,  they  lose  their  glycogen. 
After  complete  healing,  when  the  number  of 
cell  layers  has  been  reduced  from  10-12  to 
4-5,  glycogen  disappears  completely  from 
the  newdy  formed  epidermis. 

Bradfield’s  interpretation  is  as  follows: 
The  tall  new  epithelium,  being  far  from 
blood  vessels,  has  a  poor  oxygen  supply.  It 
cannot  take  up  o.xygen  from  the  outside 
either,  because  it  is  covered  tightly  by  a 
crust.  The  cells  are  compelled  to  operate 
with  anaerobic  glycolysis.  Therefore,  as  they 
leave  the  basal  layers,  they  start  to  store 
glycogen,  which  is  later  used  to  supply  ener- 
gy  for  “protein  synthesis”  (i.e.,  keratiniza- 
tion).  All  the  glycogen  has  been  used  up  by 
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the  time  that  keratinization  is  complete. 
Bradiield  emphasizes  that  he  has  never 
found  glycogen  in  basal  cells. 

H.  KER.\TINIZATI0N:  a  DEN.ATUR.A- 
TION  PROCESS 

Astbury  and  Dickinson  (1)  regard  the  un¬ 
folding  of  long  coiled  polypeptide  chains  of 
globular  j)roteins  into  the  /3-keratin  shape  as 


the  final  state  of  jirotein  denaturation,  be¬ 
cause  [irotein  denaturation  always  involves 
the  aggregation  of  peptide  chains  into  paral¬ 
lel  bundles,  like  those  in  j3-keratin.  The 
process  involves  polymerization  (“polymeric 
degeneration”),  decrease  in  water  solubility, 
and  increase  in  elasticity.  In  this  sense, 
keratinization  certainly  can  be  called  a 
“denaturation  process.” 


II.  CELLULAR  DECOMPOSITION  DURING  KERATINIZ.\TION 


A.  DEHYDRATION 

The  keratinizing  cell  loses  most  of  its 
water.  While  living  cells  contain  70-80  per 
cent  water,  the  water  content  of  human  hair 
was  found  to  be  8.6  per  cent  (83);  of  human 
nails,  10.5  per  cent  (69);  of  scales  in  psoria¬ 
sis,  8.5  per  cent;  in  ichthyosis,  11.5  per  cent 
(69);  and  in  scarlet  fever,  20  per  cent  (41). 
Naturally,  life  cannot  go  on  in  this  dry  state. 


B.  DECOMPOSITION  OF  CYTO¬ 
PLASMIC  COMPOUNDS 

While  there  is  good  reason  to  believe  that 
lipids  are,  to  a  great  extent,  bound  in  the 
cell  as  lipoproteins,  they  appear  separated  in 
the  horny  structures.  The  complete  decom¬ 
position  of  phospholipids  during  keratiniza¬ 
tion  is  discussed  on  page  489.  Sterols  also 
disintegrate  to  a  slight  degree  (p.  487). 


T.VBLE  I* 


Hot-Water  Extract  of  Rabbit  Hair  (‘l) 


Mg. 

Per 

Cent 

Uric  acid . 

400 

Other  purines .  , 

100 

.Amino  acids.  .  .  . 

300 

Urea . 

100 

.Ammonia . 

60 

Pentoses . 

200 

Mg. 

Per 

Cent 

Glycogen . 

400 

aH„04N3  (cit- 

ramide?) . 

50 

Citric  acid . 

50 

Total  phenols. 

60 

*  3  5  per  cent  of  hair  is  protein-free  solids.  Concentrations 
are  expressed  in  per  cent  of  dry,  fat-free  weight  of  hair. 


The  water  content  varies  greatly,  mainly  be¬ 
cause  all  horny  structures,  being  on  the  sur¬ 
face  and  hygroscopic,  may  take  up  moisture 
from  the  atmosphere.  The  seasonal  varia¬ 
tions  in  water  content  of  human  hair  were 
studied  by  E.  Voit  (83).  The  water  liber¬ 
ated  from  keratinizing  cells  escapes  outward 
and  most  probably  constitutes  part  of  the 

insensible  water  loss  (p.  234). 

By  what  mechanisms  the  dehydration  oc¬ 
curs  is  not  understood.  But  it  is  possible  that 
it  has  something  to  do  with  the  uncoiling  o 
polypeptide  chains  and  the  close  packing  ot 
the  fibrillary  crystallites.^ 


C.  DECOMPOSITION  OF  NUCLEAR  MATERLAL 


The  disappearance  of  nuclei  from  the 
keratinized  cell  is  well  known  to  morpholo¬ 
gists.  Their  disintegration  was  observed 
chemically  by  Bolliger  (9),  when  he  system¬ 
atically  examined  the  water-soluble  com¬ 
pounds  in  hair  of  different  species.  As  shown 
in  Table  1,  he  found  400  mg.  per  cent  uric 
acid  (and  100  mg.  per  cent  other  purines)  in 
aqueous  hair  extract,  obviously  stemming 
from  the  decomposition  of  nucleoproteins 
and  from  oxidation  of  their  purine  bases. 
Similarly,  the  high  ribose  and  desoxyribose 
content  of  these  extracts  indicates  decom¬ 
position  of  the  nucleoproteins,  particularly 
because  pentoses  are  present  in  the  hair  ex¬ 
tract  not  only  in  a  free  state  but  also  as 
nucleosides.  Bolliger  recently  isolated  guan- 
osine,  a  guanine-jientose  complex  (11). 

Nuclear  decomiiosition  is  probably  sec¬ 
ondary  to  cytoplasmic  keratinization.  In  a 
pathological  type  of  keratinization,  known 
as  “parakeratosis,”  the  keratinization  of  the 
cytoplasm  may  be  far  advanced,  and  sti 
the  nuclear  decomposition  is  incomplete. 


;  In  hair  the  dehydration  of  cells  and  sudden 
in  birefringence  occur  at  the  same  level  (Mercer, 
n.  1,  p-  3h7). 
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III.  PARTICULATE  ELEMENTS  IN  KERAlTNIZA'l'ION 


The  stratum  granulosum  and  tlie  stratum 
luddum  are  layers  interposed  between  the 
Malpighian  layer  and  the  stratum  corneum 
and  can  be  regarded  as  “transitional”  layers 
between  noncornit'ied  and  cornified  epitheli¬ 
um  (66).  The  cells  of  these  layers  contain 
microscopically  visible  corpuscular  elements 
— the  keratohyalin  granules  and  eleidin 
droplets.  The  granules  are  called  “kerato¬ 
hyalin”  because  they  have  some  connection 
with  keratinization  and  because  they  are 
similar  to  “hyalin,”  in  so  far  as  they  swell  in 
weak  alkaline  solutions.  The  term  “eleidin” 
is  used  to  indicate  that  this  material  re¬ 
sembles  fatty  droi)lets,  the  Greek  word  elaia 
meaning  “olive  oil.”  The  histochemical  and 
staining  reactions  of  these  cori)uscles  have 
been  summarized  recently  by  Smith  and 
Parkhurst  (74)  (see  Table  2). 

It  could  not  be  decided  from  microscojiic 
observation  whether  these  particulate 
bodies  derive  from  the  nucleus,  from  the  in- 
terfibrillary  cytoplasm,  or  from  the  fibrillae 
themselves. 

Histochemical  solubility  tests  indicated 
that  they  possibly  represent  proteins  or  pro¬ 
tein  decomposition  products  (82,  40);  but 
actually  it  was  not  shown  that  they  are  co- 
agulable  or  precipitable  with  protein  i)re- 
cipitants.  Nor  is  it  clear  whether  or  not 
eleidin  has  a  lipoidic  component.  The  scope 
of  our  ignorance  was  merely  broadened  when 
the  stratum  luddum  was  subdivided  into 
pre-eleidinic,  eleidinic,  and  posteleidinic 
ayers  and  a  para-eleidin  was  described  (49, 
50,  51),  an  indication  that  eleidin  is  not  a 
well-detined  substance.  The  three  layers 
mentioned  above  probably  correspond  with 
Unna  s  mfrabasal  and  basal  horny  layers. 

It  is  most  regrettable  that,  although 
keratohyalin  and  eleidin  were  described 
more  than  seventy  years  ago,  still  nothing  is 
known  about  their  nature  or  about  their 
P^articipation  m  the  keratinization  jirocess. 
Certainly  they  occur  exclusively  in  keratin¬ 
izing  epithelium.  4'he  more  they  are  devel¬ 
oped,  the  stronger  and  harder  the  resulting 


keratin  structures  are.  If,  under  the  influ¬ 
ence  of  estrogenic  hormones  or  vitamin  A 
deficiency,  metaplasia  takes  place  and  non- 
cornifying  epithelium  is  transformed  into 
squamous  epithelium,  keratohyalin  and 
eleidin  will  appear  in  the  transitional  layers 
as  soon  as  the  eiiithelium  acquires  cornifying 
potentiality.  However,  it  is  not  quite  clear 
whether  or  not  they  are  obligatory  inter¬ 
mediary  products  of  keratinization.  While 
keratohyalin  is  easily  recognized  in  cross- 
sections  of  adult  human  skin  from  any  re¬ 
gion,  eleidin  is  seen  well  only  in  specimens 
from  palms  and  soles. 

In  recent  times  three  observations  have 
been  reported  which  may  be  significant,  al¬ 
though  they  are  controversial.  First,  Smith 
and  Parkhurst  (74)  reported  that  kerato¬ 
hyalin  and  eleidin  lose  their  tingibility  and 
metachromatic  stain  when  the  sections  are 
pretreated  with  ribonuclease.  But  Lansing 
and  Opdyke  (43)  could  not  demonstrate 
their  digestibility  with  ribonuclease.  Thus  it 
remains  doubtful  whether  the  particulate 
matter  contains  ribonucleic  acid.  Second,  it 
was  shown  that  keratohyalin  stains  deeply 
with  unoxidized  haematoxylin;  and  this 
finding  suggested  the  presence  of  a  bivalent 
“metallic  mordant”  in  the  granules  (74). 
Smith  and  Parkhurst  (74)  suspected  that 
the  metal  salt  might  be  iron  or  copper,  but 
neither  one  could  be  conclusively  demon¬ 
strated  histochemically.  In  view  of  the  role 
of  copper  in  keratinization,  it  would  be  most 
interesting  to  find  that  copper  becomes  at¬ 
tached  to  some  proteinic  substances  in  the 
keratogenous  zone,  to  form  a  morphological¬ 
ly  distinguishable  corjiuscle.  Although  it  is 
claimed  on  morphological  grounds  that  the 
horny  fibers  do  not  arise  from  these  cor- 

settled.  I  hird,  Lansing  and  Opdyke  (43),  on 
the  basis  of  microincineration  experiments 
are  of  the  oinnion  that  keratohyalin  gran¬ 
ules  are  rich  in  calcium.  This  observation 
does  not  match  that  of  Cans  (33),  who  found 
no  conspicuous  accumulation  of  calcium 
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in  the  transitional  layers,  as  shown  in  his 
microincinceration  pictures  of  the  plantar 
skin. 

In  Lansing  and  Opdyke’s  experiments  an 
extremely  well-developed  granular  layer  was 
produced  in  the  skin  of  the  nipple  in  guinea 
pigs  by  estrogenic  stimulation  (p.  381).  If 
the  stratum  granulosum  were  particularly 
rich  in  calcium,  one  W'ould  expect  a  corre¬ 
spondingly  broadened  w'hite  band  in  the 
spodogram  at  the  site  of  the  granular  layer. 


In  the  illustrations  of  the  authors,  this  can¬ 
not  be  recognized  clearly. 

A  fourth  finding  was  the  presence  of  al¬ 
kaline  phosphatase  in  the  transitional  layers 
(74,  43),  clearly  outside  the  granules,  to¬ 
gether  with  glycogen.  Both  glycogen  and  al¬ 
kaline  phosj)hatase  are  absent  in  the  horny 
layer  and  in  other  horny  materials  (74). 
These  findings  again  point  to  the  i)ossible 
role  of  glycogen  degradation  as  a  source  of 
energy  in  keratinization. 


TABLE  2  (74) 

Staining  Reactions  of  Keratohyalin  Granules,  Stratum  Lucidum, 

AND  Stratum  Corneum  of  the  Skin 

(Corresponding  Structures  in  Hassall’s  Corpuscles  of  Thymus  Stain  the  Same  or  More  Deeply) 


Stain  and  Fixer 


Best’s  carmine  alcohol . |  Red-pink 

Picrocarmine,  Helly’s . 

Mallory’s  c.t.  stain  alcohol . 


Cajal’s  triple  stain,  Helly’s.  .  . 
Cajal’s  triple  stain,  Rossman’s. 
Congo  red . 


Haematoxylin  alcohol 

Mayer’s  haematoxylin  (alum) .  . . 
Unoxidized 

Mallory’s .  . 

After  sulphuric  acid . 

After  oxalic  acid . 

After  ribonuclease . 

Macallum’s . ’  '  '  :  C  t 

After  sulphuric  acid  (Nichol¬ 
son’s  method) . 

Alizarin  red  S . 


After  oxalic  acid 


Rinse  in  acid  ale . 

Rinse  in  alkaline  ale. . . .  ^ 
Giemsa’s  staining  solution,  Helly^s 
Toluidine  blue  alcohol,  Rossman  s 


Thionine,  Rossman’s. 


After  ribonuclease . 

After  hyaluronidase.  ■  ■  .  • 
Chromation  followed  by  osmication 
Frozen  sections,  Sudan  black  B . . . . 


Silver  impregnation . .  . 

Feulgen’s  technic  for  thymonucleic 

Leucofuchsin  technics  for  carbohy 
drates . 


Alkaline  phosphatase . 


Keratohyalin 

Granules 

Stratum  Lucidum 

Stratum 

Corneum 

Red-pink 

Yellowish-red 

Deep  red 

Red 

Red  to  bluish 

Orange-red 

Deep  pink 

Variable  yellowish-red 
Orange-red 

Red 

Red,  yellowish-red 
Same 

Same 

Same 

Inner  blue 

Outer  red 

Yellow 

Same 

Unstained  or  vari¬ 
able  orange- red 

Deep  purple 

Pale 

Same 

Bluish-purple 

Very  pale 

No  stain 

Bluish-purple 

Deep  purple 

Tan 

Pale  yellow 

Gray  or  pale  pink 

Deep  blue 

Tan-gray 

Same 

Same 

Same,  paler 
Gradually  pale 
Paler 

Pale  blue 

Brownish-  or  blackish- 
purple 

Pale  yellow 

Orange 

Same 

Same 

Paler  brownish  or  black¬ 
ish 

Brownish 

Violet 

Bluish-purple,  pinkish 
Bluish-purple,  pinkish 

Reddish-purple,  pinkish- 
lavender 

No  stain 

Reddish-purple 

No  color 

No  color 

No  reaction 

No  reaction 

Brownish-yellow 

Tan 

Pinkish  lavender 
“Green”  reaction 

“Green”  reaction 

No  stain 

Rich  blue 

Brown 

Parallel  blue-black 
lines 

Parallel  blackened  line? 
Same 

Same 

Same 

Same 

Same  with  super¬ 
ficial  blue  border 
Same  with  super¬ 
ficial  blue border 
Same 

Same 

Black 

Same 

Same 

Same 

No  reaction 

Faint  gray 

Unstained  or  diffuse 
and  i)ale 

No  reaction 

Same 

Same 
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IV.  THE  DESQUAMATION  PROCESS  AND  ITS  ANOMALIES 


A.  NORMAL  SHEDDING 

In  mammals  the  horny  layer  of  the  epi¬ 
dermis,  as  contrasted  with  hair  and  nails,  is 
continuously  shed  in  invisible  small  par¬ 
ticles.  This  process  involves  the  disintegra¬ 
tion  of  adherent  keratin  fibrils  into  minute 
microcrystals  on  the  surface.  Loosening  of 
fibers  can  be  observed  microscopically. 
W'hile  in  the  deeper  strata  of  the  horny 
layer  the  fibers  are  closely  packed  (stratum 
compactum),  they  are  looser  higher  up 
(stratum  disjunctum);  but  the  final  shed¬ 
ding  cannot  be  seen  under  the  conventional 
microscope  because  of  the  submicroscopic 
size  of  the  desquamating  particles.  W  hether 
the  disintegration  of  keratin  fiber  aggregates 
is  connected  with  the  breakage  of  chemical 
(covalent)  bonds  is  not  known.  Possibly  it  is 
connected  with  the  dehydration. 


B.  FORMATION  OF  VISIBLE  SCALES 


There  are  two  principal  pathological 
forms  of  aberration  in  the  physiological 
process  of  shedding,  viz.,  (a)  shedding  in 
micro-  or  macroscopically  visible  scales  and 
{b)  decrease  in  the  rate  of  shedding,  with  the 
formation  of  a  pathologically  thickened 
horny  layer.  Morphologically,  both  proc¬ 
esses  are  called  “hyperkeratosis”;  but  obvi¬ 
ously  it  is  desirable  to  make  the  above  dis¬ 
tinction. 

There  are  two  different  mechanisms 
whereby  visible  scales  appear  on  the  skin 
surface. 


The  first  and  most  common  mechanism 
an  accelerated  rate  of  keratinization,  usual 
caused  by  accelerated  epithelial  prolifer; 
tion.  Wlien  more  cells  than  normal  a: 
formed  i)er  unit  time,  keratinization  mu 
proceed  faster.  Such  accelerated  keratiniz; 
tion  IS  incomplete,  as  evidenced  by  ren 
nants  of  nuclear  structures,  by  skipping  < 
granule  formation  (parakeratosis)  (45),  an 
3y  increased  loss  of  water  vapor  (68)  Clin 
cal  exampleyor  such  desquamation  anomt 
les  are  exfoliative  dermatitis,  psoriasis,  an 
postinflammatory  scaling  (68).  By 


mechanism  the  acceleration  of  the  process 
inhibits  the  final  degradation  of  keratin 
fibers  into  submicroscopic  particles  is  not 
understood.  There  is  a  good  possibility  that 
it  has  something  to  do  with  incomplete  de¬ 
hydration.  Unfortunately,  nothing  is  known 
about  the  water  content  of  the  normally 
desquamating  minute  particles,  and  there¬ 
fore  it  is  impossible  to  prove  this  hypothesis. 

The  second  mechanism  whereby  visible 
scales  appear  on  the  surface  is  the  cracking  of 
the  uppermost  horny  layer  into  macroscopi¬ 
cally  visible  plates.  In  this  form  of  “scaling” 
there  is  no  acceleration  of  epithelial  prolifer¬ 
ation,  no  acceleration  of  the  keratinization 
process,  no  parakeratosis,  and  no  increased 
insensible  water  loss.  The  classical  example 
of  this  anomaly  is  ichthyosis  vulgaris  (68), 
In  ichthyosis  there  is  a  thickened  horny 
layer,  an  indication  that  desquamation  is  re¬ 
tarded  rather  than  accelerated,  and  there¬ 
fore  ichthyosis  is  regarded  as  a  keratin-sepa¬ 
ration  anomaly  (68).  Wliy  in  ichthyosis  the 
surface  layer  breaks  instead  of  staying  com¬ 
pact  and  continuing  accumulation  of  horn, 
as  in  the  case  of  calluses,  is  not  understood; 
but  it  is  probable  that  there  is  some  anomaly 
of  water  and  lipid  demixing  in  ichthyotic 
keratinization,  because  the  type  of  ichthy¬ 
otic  scales  is  reminiscent  of  those  seen  in  dry 
(xerotic)  skin  (p.  379). 


Stimulation  of  the  epidermis  by  moder¬ 
ately  injurious  chemical  and  physical 
agents,  particularly  mechanical  (rubbing 
pressure)  and  actinic  stimulation,  causes 
thickening  of  the  horny  layer  in  many  in¬ 
stances.  I  his  reaction  was  first  studied 
quantitatively  by  Miescher  (54).  He  demon¬ 
strated  that  under  the  effect  of  repeated  ul¬ 
traviolet  radiation  the  horny  layer  of  the 
human  epidermis  thickens  quite  consider¬ 
ably.  This  thickening  suffices  to  decrease  the 
absorption  of  ultraviolet  rays  to  such  a  de¬ 
gree  that  It  affords  considerable  protection 
against  any  further  effect  of  these  rays.  The 
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effect  of  mild  rubbing  was  studied  by  Rubin 
(70)  in  my  laboratory.  He  obtained  thicken¬ 
ing  of  the  horny  layer  by  10-71  per  cent 
(average  38  per  cent)  after  rubbing  one  spot 
on  the  thigh  with  moderate  pressure  for  10 
minutes  daily  for  30  days. 

It  is  highly  probable  that  this  reactive 
hyperkeratosis  is  a  very  essential  factor  in 
the  gradually  decreasing  sensitivity  or  in  the 
“hardening”  of  the  skin  in  repeated  chemical 
irritation  (65). 

It  should  be  emphasized  that  in  these  reac¬ 
tions  the  Malpighian  layer  is  not  thickened 
(70).  The  reaction  is  not  connected  with  in¬ 
creased  epithelial  proliferation  but  is  based 
solely  on  a  decreased  shedding  tendency. 
The  most  extreme  examples  of  this  situation 
are  corns  and  calluses.  The  fine  mechanism 
of  this  phenomenon  has  not  been  studied, 
but,  by  analogy,  the  assumption  that  these 
nonspecific  stimuli  induce  a  more  complete 
keratinization  of  the  epithelial  cells  than 
normal  seems  to  be  justified.  It  was  pointed 
out  (p.  360)  that  hard  keratin  structures 
(nails,  hair,  horn),  in  which  keratinization 
has  gone  furthest  (with  the  most  pro¬ 
nounced  formation  of  disulfide  cross-link¬ 
ages,  loss  of  — SH  groups,  loss  of  water,  and 
production  of  most  resistant  structures),  do 
not  shed  at  all.  If  there  is  a  decrease  in  the 
ability  of  the  epidermal  horny  layer  to  shed, 
this  indicates  that  it  has  become  more  like 
hard  keratins.  The  term  “superkeratiniza- 
tion”  is  suggested  for  this  phenomenon, 
which  can  be  defined  as  a  reaction  of  the 
epidermis  to  form  more  adherent  and  more 
keratinized  horny  lamellae  than  normal, 
with  a  decreased  tendency  to  shed. 

The  sensitivity  of  different  segments  in 
the  surface  keratin  to  nonspecific  stimuli  is 
apparently  not  the  same.  The  closure  of 
sweat-gland  pores  on  nonspecific  irritative 
stimulation,  as  shown  by  Shelley  (73),  is 
based  on  superkeratinization  of  the  keratin 
ring  inside  the  pores  (p.  277);  at  the  same 
time,  the  surface  horny  layer  is  not  neces¬ 
sarily  thickened.  One  may  conclude  that  the 
periporal  part  of  the  outer  horny  layer  is 
particularly  sensitive  to  those  stimuli  which 
are  likely  to  cause  poral  closure.  Such  a  se¬ 


lective  sensitivity  is  well  known  to  occur  in 
the  field  of  keratinization  anomalies.  Ex¬ 
amples  are  the  selective  sensitivity  of  fol¬ 
licular  pore  keratinization  in  vitamin  A  de¬ 
ficiency  in  man  (p.  382)  and  selective  sensi¬ 
tivity  of  vaginal  and  nipple  epithelium  to 
estrogenic  stimulation  (p.  381). 

The  great  importance  of  superkeratiniza¬ 
tion  in  pathological  events  is  obvious.  Super¬ 
keratinization  is  the  introductory  phase  to 
jirecancerous  lesions  of  skin  and  mucous 
membranes,  such  as  keratoses,  cutaneous 
horns,  and  leukoplakias.  As  long  as  these 
precancerous  lesions  are  “quiescent,”  they 
actually  do  not  show  any  other  change  but 
superkeratinization.  It  is  followed  only  later 
by  atypical  cellular  proliferation.  Long  be¬ 
fore  frank  malignancy  develops,  the  first 
sign  of  cell  mutation  is  the  changed  poten¬ 
tiality  of  epithelial  cells  to  form  harder  kera¬ 
tins  than  before.  It  is  remarkable  that  the 
stimuli  which  have  been  shown  by  quantita¬ 
tive  measurements  to  cause  superkeratiniza¬ 
tion— ultraviolet  light  and  chronic  rubbing 
— are  among  the  foremost  precipitating  fac¬ 
tors  of  keratoses  and  leukoplakias. 

D.  CHAPPING  (“dry”  SKIN, 

XEROSIS,  ASTEATOSIS) 

In  cold  weather  and/or  after  excessive 
use  of  soaj)  and  water,  the  skin  surface  or 
parts  of  it  in  some  individuals  display  super¬ 
ficial  cracks  in  the  horny  layer,  usually  in  a 
rhomboidal  pattern  (Fig.  4).  This  cracking 
was  thought  to  be  primarily  caused  by  a  defi¬ 
ciency  in  the  lipid  film  on  the  surface,  which 
is  supposed  to  “lubricate”  the  horny  layer. 
If  this  film  was  too  thin  or  entirely  absent, 
the  coherence  of  horny  lamellae  might  suf¬ 
fer.  Hence  the  name  “asteatosis.”  This  view 
was  held  for  several  reasons,  viz.,  (1 )  cracked 
skin  feels  dry,  as  if  it  lacked  grease; 
(2)  cracking  occurs  much  more  commonly  in 
older  people,  whose  sebaceous-gland  secre- 
tion  is  reduced  (p.  296);  (,i)  in  predisposed 
persons,  seasonal  cracking  starts  in  fall  or 
early  in  winter  at  atmospheric  temperatures 
at  which  selium  freezes  early  and  farther  ex¬ 
pulsion  of  sebum  is  hindered  (p.  2H); 
(4)  cracking  can  be  easily  counteracted  and 
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eliminated  by  avoidance  of  soap  and  water 
and  application  of  some  greasy  material  to 
the  skin.  The  so-called  “winter  itch,”  for 
instance,  is  essentially  a  result  of  such  crack¬ 
ing  and  is  easily  controlled  in  this  manner. 

The  time-honored  view  of  the  primary 
role  of  lipids  in  maintaining  the  coherence  of 
the  horny  layer  within  the  zone  of  physio¬ 
logical  shedding  was  recently  challenged  by 


neum  tends  to  dry  out,  since  more  water  can 
be  evaj)orated  from  the  surface  than  will 
reach  there  by  diffusion  from  below,  because 
of  the  presence  of  a  water  barrier  at  the  base 
of  the  horny  layer  or  below  it  (jjj).  32  and 
29).  The  horny  layer,  however,  does  not 
dry  beyond  the  limit  of  idiability  at  rela¬ 
tive  humidities  of  about  60  per  cent  and 
higher,  because  an  equilibrium  state  exists 


tiG.  4. — Chapping 


I.  H.  Blank  (6,  7)  on  the  basis  of  rather 
simple,  but  fundamental,  experiments.  He 
showed  that  cornified  epithelium  obtained 
from  calluses  remains  soft  and  ])liable  as 
long  as  It  is  i^ermitted  to  hold  a  minimum 
amount  of  water— about  10  mg.  per  100  mg. 
dry  weight  of  keratin-but  that  it  becomes 
brittle  when  its  water  content  decreases  be- 
ow  this  concentration.  The  presence  of 
hinds  m  the  callus  does  not  keep  it  flexible 
li  It  IS  allowed  to  dry  out,  and  the  dry  callus 
cannot  be  sj^ftened  by  adding  lipids  to  it. 

blank  (/)  found  that  under  most  common 
environmental  conditions  the  stratum  cor- 


which  does  not  jiermit  the  moisture  content 
of  the  horny  layer  to  droj)  below  the  critical 
level.  Under  the  low  relative  humidities  of 
winter  weather  and  heated  houses  or  under 
the  conditions  of  rapidly  moving  air  in 
windy  weather,  the  stratum  corneum  does 
dry  out  and  chapjied  skin  can  develop  lie- 
cause  of  an  undue  degree  of  water  loss. 

elative  humidity,  by  decreasing  the  water 
content  of  the  horny  layer,  is  tlfe  mahUIc- 
tor  ni  chapping  has  come  from  some  remark- 

del'l’Tl'fn  of  Caul  and  Un- 

"OOI  (.  4),  who  have  given  a  detailed  de- 
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scription  of  the  manifestations  of  chapping 
in  man.  These  authors  found  a  striking  cor¬ 
relation  between  a  sudden  fall  in  air  mois¬ 
ture,  as  measured  by  the  dew  point,  and 
chapping  episodes  of  the  skin.  In  addition, 
they  found  that  these  episodes  were  pre¬ 
ceded  by  low  barometric  pressures  followed 
by  sudden  rises  in  barometric  pressure,  at 
which  time  chapping  appeared.  Wind,  as  well 
as  the  use  of  water  and  soap,  was  found  to  be 
a  promoting  factor.  The  interpretation  of 
these  findings  was  similar  to  that  of  Blank: 
the  low  dew  point  produces  marked  desicca¬ 
tion  of  the  horny  layer.  The  influence  of  pre¬ 
ceding  high  moisture  and  of  the  use  of  water 
and  soap  was  explained  by  the  assumption 
that  preceding  hydration  of  the  horny  layer 
promotes  its  rapid  desiccation  and  its  tend¬ 
ency  to  crack  when  the  humidity  drops.  Ac¬ 
tually,  it  seems  that  repeated  hydration  and 
drying  of  horny  material  breaks  its  continui¬ 
ty  and  smoothness  and  allows  the  surface  to 
become  rough  and  flaky  (8).®  Possibly  this 
is  due  to  breakage  of  hydrogen  bonds  and/ or 
salt  linkages  (pp.  357  ff.). 

The  role  of  change  of  atmospheric  pres¬ 
sure  was  thought  to  be  due  to  fluid  accumu¬ 
lation  in  the  epidermis  by  diffusion  from  the 
dermis  during  low-pressure  periods  and 
easier  evaporation  of  this  moisture  in  the 
period  of  high  pressure;  when  coupled  with 
a  low  dew  point,  this  barometric  change 
may  contribute  to  the  development  of  chap¬ 
ping  (6).  However,  one  should  keep  in  mind 
that  atmospheric  pressure  is  rapidly  equal¬ 
ized  within  the  body. 


Prior  to  Gaul  and  Underwood  (34),  Sams 
(72)  called  attention  to  the  role  of  humidity 
when  he  found  that  onset  and  exacerbations 
of  a  number  of  common  skin  diseases  were 
associated  with  a  mean  monthly  tempera¬ 
ture  of  80°  F.  and  a  mean  monthly  dew 
point  of  70°  F.  when  these  factors  persisted 
for  2  weeks  or  longer. 

The  beneficial  effect  of  greasing  the  skin 
against  chappiness  was  explained  by  the 
water-retaining  effect  of  a  greasy  layer  (6). 
The  overwhelming  role  of  the  water  content 
of  the  horny  layer  in  maintaining  its  plia¬ 
bility  has  been  well  illustrated  by  the  work 
of  Blank.  The  practical  implications  are 
enormous.  Much  work  still  has  to  be  done  to 
find  out  whether  in  vivo  lipids  do  not  con¬ 
tribute  to  this  pliability.  It  remains  a  notori¬ 
ous  fact  that  chapping  occurs  only  at  low 
atmospheric  temperatures.  Chapping  in 
warm  weather  is  seen  only  when  the  skin 
surface  is  continuously  and  energetically  de¬ 
fatted  by  the  excessive  use  of  soap  and 
water.  In  a  dry,  warm  environment,  barring 
artificial  defatting,  chapping  is  not  seen;  yet 
water  evaporation  can  be  maximally  rapid. 
However,  in  a  dry,  warm  climate  the  lipid 
content  of  the  horny  layer  is  high  because  of 
the  free  sebaceous  flow  (p.  291).  Similarly, 
it  is  well  known  that  old  people  predispose  to 
chapping.  Nothing  is  known  about  changes 
in  hydration  of  the  horny  layer  with  age,  but 
sebaceous  excretion  is  known  to  be  dimin¬ 
ished  in  senescence,  in  women  all  over  the 
skin  surface  (p.  296),  in  men  mainly  on  the 
shins. 


V.  THF  EFFECT  OF  ESTROGENS 


Administration  of  estrogens  has  a  i)ro- 
found  effect  on  the  life-processes  of  epithelial 
tissues  in  both  sexes.  One  can  differentiate 
two  effects:  {a)  in  squamous  stratified  epi¬ 
thelium  there  is  enhanced  proliferation, 
keratinization,  and,  desquamation;  anc 


6  In  his  latest  publication  Blank  reported  that 

the  extraction  of  calluses  with  lipid  j 

bv  extraction  with  water  removes  large  amounts  o 
aVydrophilic  material;  thereby  the  water-ho  dm. 
capiity  of  the  callus  greatly  decreases  The  brit  le 
ness  and  flakiness  of  the  horny  layer  of  skin  which 


(6)  nonkeratinizing  mucous  membrane  epi¬ 
thelium  transforms  into  stratified  squamous 
epithelium  by  metaplasia.  All  these  changes 
are  most  pronounced  in  the  epithelium  of  the 
urogenital  tract,  but  considerable  changes 


been  washed  with  water  following  eximsure  to 
lol,  gasoline,  or  other  organic  solvents  is  caused 
his  loss  of  water-holding  capacity  of  the  horn> 
r  (I  H  Blank,  Further  observations  on  factors 
:h  influence  the  water  content  of  the  stratum 

eum,  J.  Invest.  Uermat.,  ?1:259-71,  1953). 
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also  occur  in  tissues  which  are  not  connected 
with  the  reproductive  system,  e.g.,  skin, 
nasal  mucosa,  and  gums.  In  his  admirable 
review  article,  Zuckerman  (90)  pointed  out 
that  although  metaplasia  seems  to  occur 
even  in  structures  of  entodermal  origin,  this 
is  not  quite  sure,  because  possibly  the  ento¬ 
dermal  tissues  in  question  might  have  been 
invaded  by  ectodermal  cells  during  embry¬ 
onic  development. 

Wherever  stratified  epithelium  meets 
glandular  mucous  epithelium,  there  is  a  pro- 


tion  in  resjionse  to  estrogens  were  observed 
in  the  rhesus  monkey  (2)  on  the  nape  of  the 
neck,  over  the  crown  of  the  head,  and,  to  a 
lesser  degree,  over  the  upper  part  of  the 
nose,  in  addition  to  the  perigenital  areas.  In¬ 
tense  stimulation  of  the  epidermis  by  estro¬ 
gens  can  be  observed  on  the  enlarged  nipples 
of  guinea  pigs  (43)  (Fig.  5).  The  enhanced 
keratinization  by  estrogens  is  most  marked 
in  exactly  the  same  areas  where  estrogenic 
hyperpigmentation  is  most  intense,  viz., 
perigenital  areas  and  nipples  (20).  Perhaps 


IiG.  5.  .1,  normal  guinea-pig  nipple;  B,  estrogen-stimulated 
and  2,  A.  I.  Lansing  and  D.  L.  Opdyke,  Anat.  Rec.,  107:393. 


guinea-pig  nipple.  From  originals  of  Figs.  1 


nounced  instability  of  the  structures,  with 
a  tendency  for  stratified  epithelium  to  re¬ 
place  cylindrical  epithelium  even  under 
normal  circumstances.  These  areas  are  par¬ 
ticularly  vulnerable  to  the  effects  of  estogens 
(90).  Another  imjtortant  point  is  the  auxil¬ 
iary  effect  of  irritation.  Squamous  transfor¬ 
mation  of  cylindrical  epithelium  occurs  in 
many  parts  of  the  body  as  a  result  of  irrita¬ 
tion  only.  Friction  was  found  to  be  an  im¬ 
portant  factor  in  the  localization  of  the 
stratified  squamous  response  in  the  utero¬ 
vaginal  canal  of  estrogenized  mice  (78). 

In  the  skin  proper,  increased  epithelial 
proliferation,  cornification,  and  desquama- 


sulfhydryl  groups  of  melanoblasts  and  epi¬ 
thelial  cells  in  these  areas  are  more  sensitive 
to  stimulation  than  in  similar  cells  else¬ 
where,  and  the  elimination  of  -SH  groups 
may  lead  to  both  enhanced  pigmentation 
and  keratinization  (p.  372).  Estrogenic  hor¬ 
mone  has  a  pronounced  effect  upon  the 
growth  of  feathers  (90),  and  there  are  some 
indications  that  hair  cycles  in  rats  and  fer¬ 
rets  may  be  connected  with  the  ovarian 
cycle  (16,  5)  (see  p.  614). 

Not  only  does  the  entire  thickness  of  the 
epidermis  respond  to  estrogenic  stimulation 
but  there  are  remarkable  changes  also  in  the 
underlying  connective  tissue,  mainly  vascu- 
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lar  changes,  with  increase  in  water  content, 
erythema,  and  edema,  most  pronounced  in 
the  perigenital  region,  the  so-called  sexual 
skin,  of  some  monkey  species  (90).  Also,  the 
effect  on  the  nipples  is  connected  with  a  con¬ 
spicuous  increase  in  volume.  Thus  it  is  not 
even  sure  whether  the  primary  attack  of  es¬ 
trogens  is  on  epithelial  tissue  or  whether  epi¬ 
thelial  changes  are  secondary  to  vascular 
and  other  mesodermal  changes;  but  it  is  cer¬ 
tain  that  estrogens  do  not  directly  modify 
keratinization.  They  act  by  stimulating 
epithelial  cell  proliferation  and  'or  by  induc¬ 


ing  metaplasia  in  noncornifying  basal  cells. 

Male  sex  hormone  has  some  action  remi¬ 
niscent  of  that  of  estrogens,  as  shown  by 
Burrows  (14).  In  mice  the  foreskin  detaches 
from  the  glans  penis  after  birth.  This  sepa¬ 
ration  is  achieved  by  transformation  of  the 
nonsquamous  epithelium  of  the  foreskin  into 
keratinizing  epithelium.  By  castration,  the 
detachment  can  be  prevented.  However, 
when  testosterone  propionate  is  given  to  cas¬ 
trated  males,  there  will  be  a  separation  of  the 
prepuce  from  the  glans,  by  virtue  of  squa¬ 
mous  metaplasia. 


VI.  THE  EFFECT  OF  VITAMIN  A 


Like  estrogens,  vitamin  A  affects  the  ger- 
minative  cells  of  the  epithelium  and  modi¬ 
fies  keratinization  indirectly.  Essentially, 
vitamin  A  inhibits  the  differentiation  of 
stratified  squamous  epithelium  (60)  and 
therefore  becomes  an  “antikeratinizing” 
factor  (39).  The  reverse  “keratinizing  effect” 
of  vitamin  A  deficiency  has  been  known 
since  the  early  twenties  (59,  86,  88).  The  ac¬ 
cumulated  data  in  this  field  were  ably  re¬ 
viewed  by  Wolbach  and  Bessey  (87). 

Analogies  between  the  effects  of  estrogen 
and  of  vitamin  A  deficiency  are  striking. 
They  allegedly  have  an  additive  effect  (60). 
Both  enhance  the  proliferation  of  stratified 
squamous  epithelium,  and  both  cause  squa¬ 
mous  metaplasia  of  ectodermal,  mesoder¬ 
mal,  and  endodermal  mucous  membranes, 
with  complete  loss  of  mucous  secretion  (31). 
Even  the  predilectional  sites  of  this  “epider- 
mization”  by  estrogens  and  by  vitamin  A 
deficiency  are  similar.  \\'ith  particular  ease, 
vitamin  A  deficiency  causes  keratinizing 
metaplasia  of  the  vagina  (26),  of  the  seniina 
vesicles,  and  of  the  prostate  gland  (42),  an< 
altogether  of  all  derivatives  of  the  urogenital 


sinus  (85).  _  .  ,  ,  .  , 

Conversely,  excess  of  vitamin  A  hinders 

the  normal  development  of  stratified  epi¬ 
thelium.  More  than  that,  if  the  tissue  is  con¬ 
tinuously  flooded  with  vitamin  A,  the  meta¬ 
plasia  goes  in  the  opposite  chrection  from 
that  of  vitamin  A  deficiency.  The  epidermal 
cells  become  more  and  more  similar  to  mu¬ 


cous  membrane  cells  (76)  (Fig.  6).  The  most 
amazing  effect  of  continuously  administered 
vitamin  A  excess  on  cutaneous  epidermis 
has  been  demonstrated  recently  by  Fell  and 
Mellanby  (28)  in  their  tissue-culture  experi¬ 
ments:  cutaneous  epidermis  is  transformed 
into  typical  cylindrical  mucous  epithelium, 
with  secretion  of  mucous  and  development  of 
cilia  (Fig.  7).  This  metaplasia  is  reversible. 

The  great  significance  of  vitamin  A  defi¬ 
ciency  for  dermatological  pathology  and  the 
selective  sensitivity  of  the  epithelium  of  fol¬ 
licular  pores  were  first  recognized  by  Frazier 
and  Hu  in  1931  (31),  when  they  observed,  in 
vitamin  A-deficient  Chinese,  signs  of  lichen 
pilaris,  a  hyperproduction  of  keratin  materi¬ 
al  in  the  follicular  orifices.  This  cutaneous 
disorder  was  cured  by  the  administration  of 
vitamin  A.  The  sensitivity  of  the  epithelium 
of  follicular  orifices  could  be  demonstrated 
experimentally.  In  vitamin  A-deficient  rats, 
although  initially  there  is  a  slight  general¬ 
ized  hyperkeratosis,  soon  an  increased 
keratinization  of  the  follicular  epithelium  is 
seen  (61).  The  follicles,  as  in  man,  become 
distended  and  plugged  with  keratin  materi¬ 
al  In  the  final  stages,  cessation  of  hair 
growth,  atrophy  of  the  sebaceous  glands, 
and  comjilete  disorganization  of  the  hair 
follicle  ensue  (61).  The  orificial  epithelium  of 
the  fully  developed  postimbertal  hair  follicle 
is  more  sensitive  to  the  withdrawal  of  vita¬ 
min  A  than  is  that  of  the  underdeveloped 
prepubertal  follicle  (32). 


40, (MM)  International  Units  of  vitamin  A  nL  wideninit  of  e  1  1  of  three  doses  of 

and  enlarRement  of  cells.  Darkly  stained  basal  layer  Fron^sl  ^7'"’  spumus  la.ver,  vacuolation 

Sion  of  Benno  Schwahe  &  Com,)any.)  ^  ^  (76).  (Reproduced  by  permis- 


7.-,.  control  expian.  of  a  7-<lav  embryonic 

Klass  culture.  Note  the  thick,  keratinizetl  X48  (Delafield’s  haematoxy- 

dermal  layer  an.l  a  more  compact  inner  mass.  Cells  are  m.gratmR 

lin;  chromotrop).  crcaxvn  for  7  riavs  in  +  A  medium;  watch-glass  cul- 

2,  explant  from  the  opposite  side  of  shows  the  same  two  zones  as  in  the  control 

tr; -;h:^:,=  .  .,„„,,al  „at,e„e.l 

3,  lateral  ectoderm  of  normal  7-day  embryo.  It  consists  ol 

'“''XsSr”  ptnttown  in  +.X  ntetlium  for  7  days;  watch-glass  culture.  Secretion  has  Just  begun  (s).  1  he 
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On  experimental  grounds  it  is  easy  to  un¬ 
derstand  that  vitamin  A  administration  or 
its  local  application  may  beneficially  influ¬ 
ence  follicular  and  nonfollicular  hyper- 
keratotic  diseases  (such  as  Darier’s  disease, 
[)ityriasis  rubra  pilaris,  and  ichthyosis),  even 
if  they  do  not  originate  from  vitamin  A  defi¬ 
ciency.  Instead  of  being  used  as  replacement 
therapy,  vitamin  A  is  used  on  the  basis 
of  its  pharmacological  action.  This  action 
consists  of  suppression  of  squamous  epi¬ 
thelial  proliferation  and  therefore  also  of  ker¬ 
atin  formation,  in  normal  as  well  as  in  path- 


•,ation  Process 

ologically  altered  skin.  Some  types  of  fol¬ 
licular  and  nonfollicular  i)athologically  in¬ 
creased  keratinization  and  proliferation 
seem  to  be  more  sensitive  to  excess  vitamin 
A  than  do  others.  Whether  the  keratiniza¬ 
tion  anomaly  of  follicular  orifices  in  acne 
vulgaris  is  influenced  beneficially  by  vitamin 
A  is  debatable.  Depending  on  the  nature  and 
intensity  of  the  proliferation  and  keratiniza- 
tion-promoting  factor,  the  dosage  of  vitamin 
A  required  for  counteraction  may  vary 
greatly  and  in  some  cases  may  be  so  high  as 
to  be  beyond  the  zone  of  safety.^ 


VII.  KERATINIZATION  IN  VITRO 


Since  keratinization  is  an  intrinsic  feature 
of  the  life-cycle  of  epidermal  cells,  it  is  quite 
natural  that  it  should  occur  in  explants  of 
these  cells,  notwithstanding  their  separation 
from  circulation,  from  the  nervous  system, 
and  from  the  action  of  hormones. 

Drew  (24)  was  the  first  to  observe  com¬ 
pact  areas  in  epithelial  tissue  cultures, 
which,  in  their  arrangement,  resembled 
keratinizing  pearls.  Erroneously,  A.  P’ischer 
(29)  thought  that  keratinization  in  vitro  oc¬ 
curs  only  if  the  cells  are  in  a  condition  of 
poor  nutrition.  Keratinization  in  epithelial 
cultures  from  chick  embryos  was  observed 
by  Strangeways  and  Fell  (75)  and  by  Fell 
(27)  as  a  physiological  event.  Keratinization 
in  explanted  human  embryonic  skin  was  first 
reported  by  Chlopin  (18). 

The  first  planned  and  detailed  study  on 
keratinization  in  vitro  was  that  of  Miszurski 


in  1937  (55).  By  using  limb  buds  from  the 
chick  embryo,  from  which  the  major  part  of 
the  covering  epithelium  was  removed,  he 
regularly  obtained  epithelial  islets  with  cen- 

7.  Flesch  has  presented  evidence  that  vitamin  A 
has  a  direct  local  nonspecific  drug  effect  on  epider¬ 
mal  cells  when  applied  in  large  amounts.  The  anti¬ 
keratinizing  effect  was  shown  to  be  due  to  the  un¬ 
saturated  double  bonds  in  the  molecule;  like  other 
unsaturated  lipid-soluble  compounds,  vitamin  A  in¬ 
terferes  with  sulfhydryl  metabolism;  and  it  was 
postulated  that  this  was  the  basis  of  its  antikeratiniz¬ 
ing  action  (P.  Flesch,  Inhibition  of  keratin  formation 
with  unsaturated  compounds.  The  effect  of  human 
sebum  on  hair  growth,  J.  Invest.  Dermat.,  19:353- 
63,  1952;  P.  Flesch  and  S.  B.  Goldstone,  Local  de¬ 
pilatory  action  of  unsaturated  compounds.  The 
effect  of  human  sebum  on  hair  growth,  J.  Invest. 
Dermat.,  18:267-87,  1952).  Flesch  actually  demon¬ 
strated  that  compounds  closely  related  to  vitamin  A 
but  without  vitaminic  action  have  a  similar  effect,  if 
only  they  have  similar  unsaturated  double  bonds 
(personal  communication;  to  be  published). 
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tral  horn  formation.  In  the  outer  zones  of  the 
islets,  the  cells  had  the  characteristic  fea¬ 
tures  of  basal  epithelial  cells;  but  toward  the 
inside  the  cells  flattened;  and  in  the  center 
completely  keratinized  concentric  lamellae 
were  present  (Fig.  8).  The  islets  were  sur¬ 
rounded  by  a  halo  of  fibroblasts.  The 


bryo  a  keratin  layer  appears  on  about  the 
eighteenth  day,  whereas  in  an  explant  taken 
on  the  sixth  day  the  formation  of  keratin 
can  be  seen  as  early  as  6  days  after  explan¬ 
tation,  i.e.,  on  the  twelfth  day  of  life.  This 
could  possibly  have  been  the  effect  of  a  rela¬ 
tive  vitamin  A  deficiency  in  the  cultures 


r  n  8  Spriion  of  a  13-day-old  epithelial  islet  in  tissue  culture  of  limb  buds  from  chick  embryo.  CT,  con- 
needve  fis7uerA'  kellinied  layer e|.i.heliun,.  I-r„n,  Misaurski  (55).  (Re„r„,l„ce,i  l.y  ,.ern„ss.„„  of 
Gustav  Fischer  Verlag.) 


keratinization  i)rocess  in  these  explants  had 
all  the  morphological  and  histochemical 
characteristics  of  normal  keratinization  as 
seen  in  the  chick  embryo  and  newborn  chick, 
particularly  regarding  the  presence  of  pre- 
eleidin  and  eleidin  and  tonofibnls  and  mito¬ 
chondria.  The  only  difference  was  a  more 
rapid  rate  of  keratinization  in  the  explant 
than  in  the  animal,  an  observation  also 
made  on  human  skin  (18).  In  the  chick  em- 


(28).  Miszurski  (55)  investigated  thoroughly 
the  assumj^tion  of  lischer  that  keratiniza¬ 
tion  in  explants  might  be  a  degenerative 
jihenomenon.  He  artificially  decreased  the 
vitality  of  his  cultures  by  delaying  transfer 
to  new  nutrient  media,  by  decreasing  envi¬ 
ronmental  temperature,  by  decreasing  the 
oxygen  supjily,  and,  linally,  by  keeping  the 
cultures  in  a  nitrogen  atmosphere.  In  no 
case  did  he  succeed  in  promoting  keratiniza- 
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tion  by  such  measures;  and  he  came  to  the 
conclusion  that  keratinization  in  epithelial 
cultures,  as  in  vivo,  is  the  final  stage  of  a 
j)rocess  of  intrinsic  differentiation  and  not  a 
“degenerative”  phenomenon  caused  by  poor 
nutrition.  In  the  case  of  rapidly  growing  epi¬ 
thelium  with  liquefaction  of  the  nutrient 
clot,  Miszurski  observed  abnormal  keratini¬ 
zation,  somewhat  reminiscent  of  parakera¬ 
tosis,  with  swollen,  nucleated  cells. 

The  findings  of  Miszurski  were  confirmed 
by  Litvac  (46).  She  also  demonstrated  that, 
in  complete  analogy  with  keratinization  in 
vivo,  the  sulfhydryl  color  reaction  in  tissue 
cultures  becomes  intensified  in  the  keratoge- 


nous  zone  and  disappears  when  keratiniza¬ 
tion  sets  in.  Furthermore,  histochemical  ob¬ 
servations  suggested  that  (a)  these  sulfhy¬ 
dryl  groups  are  protein-bound;  {b)  there  is  a 
great  increase  in  labile  sulfur  when  the  cells 
keratinize  (transformation  of  methionine  to 
cystine?)  (p.  369);  (c)  the  addition  of  cystine 
does  not  influence  the  keratinization  proc¬ 
ess;  and  (d)  young  keratin  is  digested  by 
pepsin,  not  by  trypsin,  but  mature  keratin 
resists  both  enzymes. 

A  modern  procedure  for  studying  keratin¬ 
ization  in  vitro  was  published  by  Hanson 
(38).  The  recent  studies  by  Fell  (28)  on  vita¬ 
min  A  in  vitro  have  already  been  mentioned. 
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Collagf:n,  reticulin,  and  elastin,  like  ker¬ 
atin,  belong  to  the  group  of  fibrous  pro¬ 
teins  made  up  of  elongated  chains  of  a- 
amino  acids  joined  together  by  the  jieptide 
linkage,  the  chains  themselves  being  held  in 
more  or  less  parallel  alignment  by  various 
cross-linkages  (Fig.  1),  differing  from  those 


in  keratin  by  type  and  number.  Mainly  on 
the  basis  of  differences  in  the  X-ray  spectro¬ 
gram,  Astbury  has  separated,  within  the 
group  of  fibrous  proteins,  collagen  from  the 
keratin-myosin-epidermin-fibrinogen  group. 
Gross  fibers  of  the  latter  group  are  more 
elastic  than  those  of  collagen  (3,  93). 


I.  X-RAY  DIFFRACTION 


In  crystals  every  atom  or  molecule  has  a 
fixed  position  with  reference  to  the  three 
dimensions  of  space.  Crystalline  aggrega¬ 
tions  of  molecules  or  structures  approaching 
the  crystalline  state  can  be  analyzed  by  the 
X-ray  diffraction  method.  When  an  X-ray 
beam  is  passed  through  material  having  a 
periodic  structure,  the  beam  is  diffracted  in 
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a  characteristic  fashion  according  to  the 
dimensions  of  the  crystalline  lattice  and  the 
degree  of  crystallinity  (1).  The  diffracted 
beam  can  then  be  photographed.  Figure  2 
illustrates  how  an  X-ray  beam,  thrown  per¬ 
pendicular  to  the  main  a.xes  of  a  theoretical 
tibrous  protein,  produced  a  diffraction  pat¬ 
tern  on  a  film  held  on  the  opposite  side.  A 
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fibrous  protein  diffracts  a  given  wave  length 
of  the  incident  X-ray  beam  in  various  direc¬ 
tions,  depending  on  its  molecular  arrange¬ 
ment  and  spacing,  producing  a  pattern  of 
spots,  arcs,  or  halos  on  the  photographic 
film  (Fig.  3).  The  radius  of  the  rings  gives 
the  over-all  length  of  the  repeating  struc¬ 
tural  unit.  The  smaller  the  unit,  the  larger 


“backbone”  of  the  fiber  are  jirobably 
coiled  or  folded.  That  such  is  the  case  in 
collagen,  and  especially  elastin,  is  very 
probable. 

There  are  two  main  cross-sectional  di¬ 
mensions  in  the  X-ray  diagram.  One  meas¬ 
ures  4.5  A.  This  dimension  is  approximately 
the  same  for  all  proteins  and  is  the  lateral 


. Side  -  chain 


/OA. 
(3>^erage) 


j4mino -acid 
residue 


Fig  1.— Diagrammatic  representation  of  the  structure  of  fibrous  proteins  as  it  occurs  m  /J-kcratin  ac¬ 
cording  to  Astbury.  A  grid  of  fully  extended  iiolypeptide  chains,  from  ^IcLaugbhn  and  Iheis  (85).  (Rq 
duced  by  permission  of  Reinhold  Publishing  Corporation.) 


the  ring.  The  relative  position  on  the  ring  of 
the  arcs  or  spots  shows  the  degree  of  orienta¬ 
tion  within  the  structure  (78).  In  the  protein 
of  Figure  2  the  polypeptide  chains  are  in  a 
fully  extended  jxisition;  and  in  this  case  the 
distance  between  identical  atomic  groups 
which  are  repeated  in  the  long  axis  is  about 
7  A,  which  includes  two  amino  c^id  residues. 
The  distance,  then,  for  one  ammo  acid  resi¬ 
due  is  3.5  A.  If  this  distance  is  less  than 
3.5  A,  then  it  may  be  assumed  that  the 
amino  acid  residues  of  the  long  axis  or 


distance  between  parallel  backbones,  formed 
probably  by  the  hydrogen  bond  (p.  357), 
which  acts  as  one  type  of  cohesive  force 
holding  the  backbones  together.  The  second 
cross-sectional  dimension  is  the  one  by 
which  the  jirojections  of  the  various  lateral 
side  chains  of  the  main  axis  separate  the 
main  longitudinal  chains  of  the  protein.  It 
varies  from  jirotein  to  protein,  but  measures 
about  10  A  in  collagen.  As  the  moisture  con¬ 
tent  of  the  fiber  increases,  this  dimension 

enlarges. 
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A.  GENERAL  PROPERTIES 

Collagen,  as  well  as  elastin  and  reliculin, 
belongs  to  the  group  of  proteins  which  in  the 
past  were  classified  as  “scleroproteins.” 
They  generally  are  insoluble  in  organic  sol¬ 
vents,  cold  water,  dilute  acids,  alkalies,  and 
salt  solutions  (78,  64). 


II.  COLLAGEN 

pH  some  swelling  takes  place.  This  ability 
possibly  plays  an  important  role  in  the  vari¬ 
ous  pathological  changes  that  collagen  can 
undergo  in  the  skin.  Peptic  enzymes  can 
digest  native  collagen  fibers;  but  if  tryjisin 
attacks  them  at  all,  it  does  so  with  diffi¬ 
culty. 


Fig.  2.--Illustrating  the  formation  of  a  fiber  diagram  by  the  diffraction  of  jrarallel,  monochromatic  X- 
rays  an  idealized  jrrotein  structure  comi)osed  of  fully  extended  irolypejitide  chains,  when  the  X-ray  beam  is 
perirendicular  to  the  fiber  axis.  The  diffraction  may  be  considered  a  reflection  from  hypothetical  planes  pass- 
mg  through  Ike  atom  groups  The  angle  of  incidence  of  the  X-ray  beam  with  the  planes  and  the  distance 
apar  o  the  latter  must  satisfy  Bragg’s  law  relating  these  quantities  to  the  X-rav  wave  length,  in  order  for 
occur.  A,  beams  reflected  from  transverse  planes,  producing  diffraction  spots  on  the  meridian 

Thet^  S’  fp  hlanes,  producing  spots  on  the  equator.  From  McLaughlin  and 

rheis  (85).  (Reproduced  by  permission  of  Reinhold  Publishing  Coriioration.) 


W'hen  collagen  fibers  are  heated  in  water 
at  gradually  increasing  temperatures,  they 
first  shrink  and  then  are  converted  to  gela¬ 
tin.  In  acids,  alkalies,  and  neutral  salt  solu¬ 
tions,  collagen  shows  a  very  large  capacity 
to  swell.  Even  in  distilled  water  at  neutral 


There  is  little  evidence  that  there  are  dif¬ 
ferent  collagens  in  the  mammalian  organ¬ 
ism,  as  are  found  with  the  keratins  (8v3). 
The  chemical  composition  and  physical 
properties  of  mammalian  collagen  from  dif¬ 
ferent  sources  are  identical,  and  under  the 
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electron  microscope  samples  of  collagen 
from  different  tissues  look  very  much  the 
same  (p.  407).  There  is,  however,  a  remark¬ 
able  exception.  Collagen  from  the  tail  of  the 
white  rat  is  soluble  in  dilute  0.4  per  cent 


f<3 


Fig.  3. — Diagrammatic  representation  of  the  X- 
ray  pattern  of  collagen  or  of  stretched  gelatin.  Fiber 
axis  vertical.  From  McLaughlin  and  Theis  (85). 
(Reproduced  by  permission  of  Reinhold  Publishing 
Corporation.) 


1  he  metabolic  activity  of  collagen  seems 
to  be  low.  Neuberger,  Perrone,  and  Slack 
(106,  96)  fed  radioactive  glycine  to  rats  and 
found  an  extremely  low  radioactivity  of  the 
glycine  obtained  from  tendon  collagen,  an 
indication  that  there  is  little  collagen  syn¬ 
thesis  going  on.  Although  Danielli  and  his 
co-workers  found  alkaline  phosphatase  ac¬ 
tivity  associated  with  collagen  formation 
(28,  v34),  later  investigators  have  not  been 
able  to  confirm  this  (109,  40,  118). 

Celatin  does  not  act  as  an  antigen,  and 
apparently  collagen  also  possesses  no  anti¬ 
genicity.  Waksman  and  Mason  could  not 
demonstrate  the  formation  of  antibodies 
when  rabbits  were  treated  with  collagen  of 
human  origin  (122).  Complement-fixation 
and  precipitation  tests,  likewise,  failed  to 
show  antibodies  to  human  collagen  in  pa¬ 
tients  with  lupus  erythematodes,  derma- 
tomyositis,  scleroderma,  and  rheumatic 
fever. 

B.  PURIFICATION 

Owing  to  the  difficulty  in  obtaining  a  pure 
collagen  preparation  in  past  years,  most  of 
the  older  data  pertaining  to  its  amino  acid 
content  was  obtained  from  the  analysis  of 


TABLE  1 


An.\lyses  of  Connective-Tissue  Fibers*  (20) 


Total  N 
(Gm.  Per  Cent) 

Amide-N 

(Mmol/Gm) 

^frnm  nv  hirlp)  . 

18.6 

17.3 

17.0 

16.1 

16. 1 

0.66 

.35 

.20 

.50 

0.58 

Collagen  (sheep  skin,  alkali-treated) . 

*  Moisture-  and  ash-free  basis. 


Aniino-N 
(M  mol /G  ml 


0.46 

.35 

0.07 


acetic  acid,  while  no  other  collagen  has  this 
property  (94,  121).  Fish  collagen  differs 
from  mammalian  collagen  by  shrinking  at  a 
lower  temperature  and  by  a  greater  suscep¬ 
tibility  to  enzymatic  hydrolysis  (51). 

Collagen  makes  up  about  71.9  per  cent 
of  the  weight  of  dry,  fat-free  human  skin. 
Table  1  shows  the  total  N,  amide-N,  and 
amino-N  content  of  collagen,  elastin,  and 
reticular  tissue  (20). 


gelatin,  the  protein  derived  from  collagen  by 
heating  in  water.  In  more  recent  years, 
methods  for  the  purification  of  collagen  have 
been  imjiroved.  Yet  even  with  these  meth¬ 
ods  we  cannot  be  sure  that  any  of  the  chem¬ 
ical  treatments  employed  to  separate  col¬ 
lagen  from  other  proteins  of  rannective  tis¬ 
sues,  particularly  mucoproteins,  and  other 
conjugated  proteins  in  close  association  with 
it  have  not  changed  its  chemical  composi- 
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tion.  The  problem  of  preparing  a  “pure” 
collagen  remains  a  difficult  task. 

One  of  the  often  used  methods  of  obtain¬ 
ing  a  “purified”  collagen  was  that  of  High- 
berger  (54).  Proceeding  on  the  hypothesis 
that  0.1  per  cent  trypsin  in  |  per  cent  cal¬ 
cium  carbonate  at  a  temperature  not  higher 
than  35°  C.  will  not  effect  collagen,  High- 
berger  used  this  solution  to  eliminate  the 
soluble  proteins  and  elastin  in  the  corium  of 
the  skin.  Lipids  were  removed  by  e.xtraction 
with  acetone  and  alcohol,  and  mucoids  were 
dissolved  out  by  extraction  with  half-satu¬ 
rated  calcium  hydroxide,  again  on  the  as¬ 
sumption  that  such  treatment  does  not  at¬ 
tack  collagen. 

Loofbourow,  Gould,  and  Sizer  (79)  meas¬ 
ured  the  purity  of  collagen  preparations  by 
ultraviolet  absorjition  spectra  (see  below). 
They  obtained  the  “purest”  collagen  by 
extracting  tendon  in  10  per  cent  sodium 
chloride  and  MT5  disodium  hydrogen 
phosphate  after  the  method  of  Bergmann 
and  Stein  (14),  followed  by  digestion  with 
trypsin  at  pH  7.0  at  37°  C.  (79). 

Cassel  and  Kanagy  (23)  studied  several 
methods  of  purification  of  collagen  in  steer 
hide  and  followed  these  by  nitrogen  de¬ 
terminations,  electrometric  titration  analy¬ 
sis,  and  electrophoretic  measurements.  They 
obtained  evidence  that  trypsin  inevitably — 
at  least  mildly — modified  collagen  so  that 
subsequent  treatment  of  it  resulted  in  degra¬ 
dation  of  the  product.  This  was  shown  by 
large  differences  in  values  for  soluble  nitrog¬ 
enous  material  in  the  lime  extractions  for 
the  trypsin-  and  nontrypsin-treated  collagen 
samples.  Cassel  and  Kanagy  found  that  if 
the  lower  part  of  the  corium,  excluding  the 
pars  j)aj)illaris,  is  used  to  obtain  collagen, 
the  try[)sin  treatment  could  be  omitted, 
since  only  traces  of  elastin  are  present  there. 
In  their  method  5  {)er  cent  sodium  chloride 
IS  used  to  dissolve  the  soluble  proteins;  sub¬ 
sequently,  the  lime  extraction  is  carried  out 
as  in  Highberger’s  method  to  dissolve  mu¬ 
coids.  Cassel  and  Kanagy  further  set  up 
certain  specifications  for  a  “pure”  collagen 
as  follows:  {a)  an  ash  content  below  0.1  j)er 
cent;  {b)  an  isoelectric  j)oint  between  6.0  and 


7.0  (p.  407);  (c)  a  total  nitrogen  content  of 
17.8-18.1  per  cent;  and  (d)  an  amide-nitro¬ 
gen  of  3.8  per  cent  of  the  total  nitrogen  after 
hydrolysis  in  0.1  N  HCl  for  20  hours. 

Bowes  and  Kenten  (19)  criticized  the  use 
of  both  alkali  and  enzyme  in  attempts  to 
purify  collagen.  In  their  method,  only  the 
lower  part  of  the  corium  was  used,  and  this 
was  extracted  with  10  per  cent  sodium 
chloride  alone,  to  dissolve  out  the  soluble 
proteins.  They  considered  that  only  col¬ 
lagen  and  a  few  reticular  and  elastic  fibers 
were  left  behind. 

Several  methods  have  been  developed  to 
determine  the  percentage  of  collagen  and 
elastin  in  various  tissues  (80,  98,  32).  Chung 
K.  Ma  (82)  found  a  marked  increase  in  the 
amount  of  collagen  and  elastin  in  skin  of 
mice  where  carcinoma  w'as  induced  by  ap¬ 
plication  of  methylcholanthrene. 

C.  AMINO  ACID  CONTENT 

The  most  complete  analyses  of  the  amino 
acid  composition  of  collagen  are  given  in 
Table  2,  as  compiled  by  Bowes  and  Kenten 
from  their  own  work  and  that  of  other  in¬ 
vestigators  (19).  The  total  of  99.8  per  cent 
nitrogen  accounts  for  all  the  amino  acids. 
According  to  the  above  authors,  it  is  un¬ 
likely  that  any  other  amino  acids  will  be 
found  in  the  collagen  molecule.  The  data,  of 
course,  can  have  absolute  validity  only  if  the 
material  used  for  the  analyses  can  be  re¬ 
garded  as  “pure”  collagen  without  admix¬ 
ture  of  extraneous  material. 

In  any  case,  all  available  data  indicate 
that  collagen  is  characterized  by  a  high  con¬ 
tent  of  glycine,  proline,  and  hydro xyproline; 
a  very  low  content  of  tyrosine,  methionine, 
and  histidine;  and  the  absence  of  cystine  and 
tryptophane.  Loofbourow,  Gould,  and  Sizer 
(79)  found  no  evidence  of  the  presence  of 
tyrosine  by  the  use  of  ultraviolet  spectro- 
graphic  analysis  of  collagen. 

Collagens  from  various  mammalian 
sources  seem  to  have  identical  or,  at  least, 
very  similar  amino  acid  composition  (97) 
Collagen  from  the  fish  and  turtle,  however^ 
differ  in  their  content  of  one  or  more  of  the 
three  ammo  acids,  methionine,  serine,  and 
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threonine,  as  compared  to  the  tissues  of 
higher  vertebrates  (97). 

Stubbings  and  Theis  (117)  maintained 
that  there  are  chemical  differences  in  the 
collagen  of  the  papillary  and  reticular  layer 
of  the  skin.  They  obtained  analytic  evidence 
that  collagen  fibers  from  the  papillary  layer 
of  animal  skin  contained  about  33  per  cent 

T.\BLE  2 

Composition  of  Coll.\gen  (19) 


N  as  Per  Cent 
Protein-N 

Gm/lOO 

Gm  Collagen 

Total  N . 

18.6 

.\mino-N . 

2.5 

0.46 

Glycine . 

26.3 

26.2 

.\lanine . 

8.0 

9,5 

Leucine  \ 

S  fi 

Isoleucine/ 

o .  ^ 

Valine . 

2.2 

3 . 4 

Phenylalanine . 

1  9 

4.2 

Tyrosine . 

0,6 

1 . 4 

Tryptophane . 

0.0 

0.0 

Serine . 

2.5 

3.4 

Threonine . 

1.5 

2.4 

Cystine . 

0.0 
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containing  hydroxyl  groups,  such  as  serine, 
less  lysine  than  did  fibers  from  the  deeper 
layers.  Previously,  Highberger  (55)  had 
found  no  significant  difference  in  the  lysine 
content  of  collagen  fibers  from  the  upper 
tenth  of  the  corium  and  those  from  the 
corium  as  a  whole. 

Holduan,  Salo,  and  Bear  (17)  have  listed 
the  side  chains  of  the  collagen  molecule  as 
follows:  {a)  basic  groups  of  lysine,  hydroxy- 
lysine,  arginine,  and  histidine  residues,  if) 
acidic  groups  of  aspartic  acid,  together  with 
glutamic  acid  residues;  (c)  other  polar  types 


threonine,  and  hydro.xyproline;  and  {d)  non¬ 
polar  groups  of  hydrocarbon  character. 


D.  MOLECULAR  WEIGHT 

Bowes  and  Kenten  (19)  calculated  the 
minimum  molecular  w'eight  of  collagen  to  be 
39,000  from  their  amino  acid  data.  Bear 
(10),  from  data  based  on  X-ray  diffraction 
and  electron  microscopic  findings,  has  cal¬ 
culated  the  molecular  w'eight  of  collagen  to 
be  betw^een  63,000  and  65,000  (p.  401). 

No  free  a-amino  or  imino  groups  have 
thus  far  been  detected  in  collagen  (18). 
Bowes  and  Moss  (21)  have  suggested  that 
this  may  indicate  a  very  large  molecular 
W'eight.  However,  failure  to  detect  such  end- 
groups  could  also  be  explained  by  a  cyclic 
structure  of  the  molecule,  or  perhaps  the 
end-group  is  combined  wfith  carbohydrate. 


E.  CARBOHYDRATE  CONTENT 

In  1935  Grassmann  and  Schleich  (42)  re¬ 
ported  that,  in  collagen  of  animal  skin, 
glucose  and  galactose  are  tightly  bound  to 
the  protein  moiety.  They  claimed  that  1 
mol  glucose  and  1  mol  galactose  w’ere  bound 
to  a  collagen  molecule  of  the  approximate 
molecular  w'eight  of  34,500.  Beek,  how'ever 
(12),  reported  that  the  carbohydrate  at¬ 
tached  to  the  collagen  molecule  could  not  be 
fermented  by  yeast,  and  he  considered  the 
possibility  that  these  carbohydrates  could 
be  levorotatory  glucose  and  galactose. 
These  sterioisomers  are  not  attacked  by 
yeast.  It  has  already  been  mentioned  that 
failure  to  detect  free  a-amino  or  imino 
groups  in  collagen  could  theoretically  be 
explained  by  their  being  combined  with 
carbohydrate  (21).  Bowes  (18)  has  stated 
that  hyaluronic  acid  is  probably  free  in  the 
skin,  w'hile  chondroitin  sulfate  is  combined 
in  some  way  with  collagen.  The  amount  of 
chondroitin  sulfate  estimated  in  collagen 
from  its  hexosamine  and  chondrosamine 
content  on  paper  chromatograms  corre¬ 
sponded  ajiproximately  to  1  mol 
droitin  sulfate  per  1  collagen  unit  of  80, (XH), 
that  IS,  roughly  twice  the  minimum  molecu¬ 
lar  weight  of  collagen  (39,()()())  (21).  Bin- 
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binder  and  Schubert  (31)  found  no  evidence 
that  “purified”  collagen  could  fix  chon- 
droitin  sulfate  at  neutral  pH  in  vitro.  High- 
berger,  Gross,  and  Schmitt  (57)  studied  the 
precipitation  of  fibrils  from  solutions  of  dis¬ 
solved  rat-tail  tendon  in  dilute  acetic  acid. 
If  “purified”  mucoprotein  was  added  to 
these  solutions  in  the  ratio  of  1 : 1,000,  typi¬ 
cal  collagen  fibrils  were  precipitated.  The 
authors  suggest  that  mucoprotein  may  be 
involved  in  the  formation  of  collagen  fibers 
in  vivo.^ 

F.  ACTION  OF  PROTEOLYTIC  ENZYMES 

.\s  mentioned  before,  pepsin  digests  col¬ 
lagen  readily.  Tryptic  enzymes,  if  they  at¬ 
tack  collagen  at  all,  do  so  with  difficulty. 
Originally,  Marriott  (88)  claimed  that  if 
collagen  fibers  are  subjected  to  tryptic  di¬ 
gestion  at  a  pH  of  7.8  in  a  suspension  of 
calcium  carbonate  and  at  a  temperature  no 
higher  than  35°  C.,  no  digestion  took  place. 
Highberger’s  method  of  preparing  pure  col¬ 
lagen  was  based  on  this  claim.  Marriott 
found  that  at  40°  C.  definite  digestion  oc¬ 
curred.  If  collagen  was  pretreated  with 
acids,  bases,  salts,  or  heating,  trypsin  at¬ 
tacked  it  much  more  readily.  The  same  was 
true  if  the  collagen  fibers  were  cut  or  torn. 
Sizer  (114)  found  that  although  native  ten¬ 
don  was  refractory  to  the  action  of  the 
enzyme,  collagen  fibrils  of  the  same  tendon, 
cut  into  pieces  less  than  1  mm.,  were  di¬ 
gested  by  trypsin.  Treatment  with  sodium 
chloride  and  other  salts  greatly  facilitated 
the  process.  Thoreaux  (120)  showed  that  al¬ 
though  trypsin  did  not  grossly  attack  col¬ 
lagen  fibers,  they  became  abnormally  solu¬ 
ble  in  water  at  68°  C.  after  treatment.  It 
seemed  possible  that  trypsin  might  induce 
some  mild  change  in  the  collagen  molecule, 
such  as  a  weakening  of  the  intermicellar  and 
intramicellar  valency  forces  that  stabilize 
the  molecule  in  its  native  state.  Because  of 
probable  alteration  by  trypsin,  Cassel  and 
Kanagy  (23)  objected  to  the  use  of  this 
enzyme  in  the  purification  process  of  col¬ 
lagen.  Trypsin,  however,  has  not  been  found 

1.  See  sections  on  procollagen  (pp.  409  and  447). 


to  affect  the  gross  structure  of  collagen 
fibrils  under  the  electron  microscope  (107, 
44). 

In  1937  Maschmann  (90)  found  that  cul¬ 
ture  filtrates  of  Clostridium  welchii  liquefied 
gelatin  and  disintegrated  collagen.  He  at¬ 
tempted  to  purify  the  active  principle  and 
suggested  the  name  “collagenase”  for  it.  In 
1945  Macfarlane  and  MacLennan  (84) 
found  that  the  collagen  framework  of  muscle 
was  disintegrated  when  Cl.  welchii,  type  A, 
culture  filtrates  were  injected  into  rabbits. 
Collagen  fibers  from  human  tendon  were 
lysed  by  the  same  filtrate.  Oakley,  W  arrack, 
and  van  Heyningen  (101)  showed  colla¬ 
genase  to  be  distinct  from  other  toxins  of 
Cl.  welchii  and  from  hyaluronidase.  They 
called  the  collagenase  the  “K  toxin.”  Bid- 
well  and  van  Heyningen  (15)  succeeded  in 
“purifying”  the  K  toxin  and  showed  that  it 
appeared  to  attack  only  collagen  and  gela¬ 
tin;  but  they  were  unable  to  determine 
which  type  of  linkage  it  attacked.  The  “col¬ 
lagenase”  enzyme  dissolved  collagen  fibers 
rather  easily,  but  the  production  of  free 
amino  groups  was  very  slow.  More  recently, 
however,  Brisou  and  Milhade  (22)  found 
that  Cl.  welchii  filtrates  had  no  effect  on  beef 
tendon  or  beef  skin  collagen  prepared  by  the 
method  of  Bowes  and  Kenten  (19).  Gersh 
and  Catchpole  (39)  also  could  demonstrate 
no  effect  of  a  “collagenase”  preparation^  on 
purified  collagen  but  showed  that  it  re¬ 
moved  polysaccharide  substances  from  con¬ 
nective  tissue.  Stoughton  and  Lorinez  (116), 
using  the  same  preparation  on  acetone-fixed 
sections  of  skin,  found  the  collagen  morpho¬ 
logically  intact  but  changed  in  staining 
qualities  and  easily  solubilized  in  hot  water. 

Palitz  and  Brunner  (103)  reported  that 
the  injection  of  hyaluronidase  into  patches 
of  localized  myxedema  not  only  decreased 
the  mucoid  substances  but  also  seemed  to 
destroy  collagen  fibers. 

Hobson  (58)  found  an  enzyme  in  sterile 
excreta  of  the  blowfly  larvae  which  digested 
collagen  and  elastin  in  alkaline  solution,  but 
not  keratin.  ’ 

2.  Obtained  from  Lederle  Laboratories. 
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G.  EFFECT  OF  HORMONES  ON  COLLAGEN 

The  effect  of  various  hormones  on  the 
skin  has  been  studied  experimentally  in  the 
laboratory  animal.  Hooker  and  Pfeiffer  (61) 
found  that  the  administration  of  estradiol 
benzoate  to  rats  resulted  in  thinning  of  both 
the  epidermis  and  the  corium.  If  testos¬ 
terone  propionate  was  given  at  the  same 


the  skin  in  these  animals  was  about  one- 
third  that  of  normal.  If  growth  hormone 
was  given  to  the  same  animals,  the  skin  be¬ 
came  more  difficult  to  penetrate  with  the 
hypodermic  needle,  and  the  collagen  content 
was  doubled  but  still  subnormal  (113). 

Baker,  Ingle,  Li,  and  Evans  (5)  found 
that  the  administration  of  ACTH  to  rats 


Fig.  4.— Illustrating  the  X-ray  diffraction  method  as  applied  to  collagenous  fibers.  Electrons,  e,  emitted 
by  an  incandescent  filament,  F,  are  driven  by  a  potential  of  about  40,000  volts  onto  the  target  of  copper, 
Cu,  which  yields  the  X-radiation  that  emerges  from  the  X-ray  tube  through  a  window  of  beryllium.  Be.  A 
thin  foil  of  nickel,  Ni,  transmits  princii)ally  the  characteristic  Cu  Ka  radiation  (wave  length  X  =  1.54  A) 
to  the  collimating  system,  which  consists  of  fine  pinholes  cut  in  lead  disks,  Pb.  Beyond  the  collagen  fiber  at  C 
emerge  the  undiffracted  beam  U  and  various  diffracted  or  deviated  beams  represented  by  the  one  marked  D. 
The  relatively  intense  central  beam  is  attenuated  by  the  beam  trap,  T,  whose  shadow  is  seen  overlying  the 
center  of  each  of  the  diffraction  patterns  in  Figs.  5  and  6.  The  final  diffraction  pattern,  as  registered  on  a 
photographic  film,  consists  of  layer  lines  (vertical  dashed  lines)  and  row  lines  (horizontal  dotted  lines)  of  spots. 
Prominent  features  of  the  collagen  wide-angle  pattern  are  indicated  by  M,  the  important  2  86  A  arc  on 
the  meridian;  E,  the  10-12  A  equatorial  spot;  and  //,  the  diffuse  “half-halo”  (4.6  A)  Ihe  small-angle  k>er 
lines  at  5  generally  require  finer  pinholes  and  longer  collimators  and  specimen-to-film  distances  to  permit 
IheTr  llL.  Income  cases  collimating  apertures  are  horizontal  slits,  which 

along  layer  lines  but  retain  layer-line  sharpness  vertically  and  permit  more  rapid  registration  of  patterns. 
From  Bear  (10).  (Reproduced  by  iiermission  of  the  author  and  Academic  Press,  Inc.) 


time,  no  thinning  resulted.  In  capons  testos¬ 
terone  propionate  produced  an  increase  in 
the  number  of  collagen  fibers  in  the  skin, 
whereas  in  the  comb  the  only  change  found 
was  a  separation  and  splitting  of  the  collagen 
fibers  produced  by  apparent  imbibition  of 
water  by  the  mucoid  ground  substance 
(118).  Thyroidectomy  in  the  rat  at  birth  im¬ 
pairs  the  total  skin  develojiment  (113),  the 
infantile  soft  short  hair  and  thin  skin  per¬ 
sisting  a  long  time.  The  collagen  content  o 


caused  the  dermal  connective  tissue  to  as¬ 
sume  a  more  compact  arrangement.  W  hen 
cortisone  or  comiiound  F  was  applied  locally 
to  the  skin  in  rats.  Castor  and  Baker  (24) 
noted  that  the  dermis  became  thinner.  If  the 
afiplications  were  prolonged  to  112  days,  the 
collagenous  fibers  lost  their  sharp  bound¬ 
aries  and  appeared  to  fuse  together.  I  he 
elastic  fibers  were  not  affected.  Baxter 
Schiller,  Whiteside,  and  Straith  (7)  noted 
atrophic  changes  in  the  epidermis,  collagen 
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fibers,  hair  follicles,  and  skin  fat  in  rabbits 
given  cortisone  in  doses  comfiarable  to  those 
used  in  human  patients. 

II.  STRUCTURE 

Earlier  schemes  were  based  on  wide- 
angle  X-ray  spectrography,  which,  like  large 
apertures  of  high-power  objectives  in  the 
ordinary  microscope,  can  be  used  for  resolu¬ 
tion  of  small  details  of  20  A  or  less.  W  ith 
narrow-angle  spectrography,  which  was  in¬ 
troduced  more  recently,  comparable  to  the 


its  length.  Unstretched  dried  gelatin  shows 
only  an  amorphous  X-ray  pattern;  but,  if 
stretched,  the  [lattern  is  practically  identical 
with  that  of  collagen  (27). 

Besides  the  wide-angle  (small-space)  dif¬ 
fraction  patterns  in  collagen,  which  are  indi¬ 
cators  of  small  repeating  periods  in  the 
molecule  (Fig.  5),  several  investigators  using 
longer  X-ray  w'ave  lengths  and  greater  dis¬ 
tances  between  specimen  and  film  have 
found  evidence  of  large-space  repeating  pe¬ 
riods  (Fig.  6).  In  dry  collagen  fibers  periods 


A  B 

Fig.  5.  Wide-angle  diffraction  patterns  of  collagens.  .4,  dr\'  kangaroo  tail  tendon;  B,  moist  kangaroo  tail 
tendon.  I*rom  Bear  (10).  (Reproduced  by  permission  of  the  author  and  .\cademic  Press,  Inc.) 


small  apertures  used  in  low-power  micros¬ 
copy,  one  obtains  resolution  of  sizes  from 
20  to  1,000  A,  a  range  which  overlaps  that 
of  the  electron  microscope  and  can  be  used 
for  study  of  fibrillary  and  nonfibrillary 
structures  (10)  (Fig.  4). 

Figure  3  is  a  diagrammatic  representation 
of  the  wide-angle  X-ray  pattern  of  collagen. 
4  he  so-called  K3  bands,”  measuring  2.85 
A,  represent  an  interplanar  distance  along 
the  fiber  a.xis.  Astbury  (3)  interpreted  this 
distance  to  be  that  of  one  amino  acid  resi¬ 
due.  In  silk  fibroin,  where  the  polypeptide 
chains  are  in  a  fully  e.xtended  condition,  the 
corresponding  interplanar  distance  is  3.5  A. 
This  would  mean  that  the  collagen  molecule 
with  an  interplanar  distance  of  only  2.85  A 
must  show  constrictions  somewhere  along 


of  640-645  A  were  demonstrated  wdth  this 
technic  (8).  In  the  moistened  fiber  this  pe¬ 
riod  increased  slightly,  measuring  from  665 
to  680  A.  These  large  periods  were  lost  when 
the  collagen  fibers  were  shrunk  by  gentle 
heating  in  water  or  when  gelatin  was 
stretched.  The  short  periods  persisted.  Al¬ 
together,  the  large  periods  proved  to  be  less 
stable  than  the  short  ones.  No  comparable 
large  periods  have  been  demonstrated  trans¬ 
verse  to  the  collagen  fiber. 

The  absence  of  well-defined  lateral  spac- 
ings  suggested  that  the  protofibril  of  colla¬ 
gen  IS  very  thin,  iiossessing  the  width  of  a 
very  few  polypeptide  chains,  differing  in 
this  respect  from  keratin  (8). 

Herzog  (52,  53)  was  the  first  to  study 
periodicities  in  the  structure  of  collagen  by 
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X-ray  diffraction.  The  first  rather  complete 
picture  of  the  structure  of  collagen  was  pro¬ 
posed  by  Astbury  (3,  4),  who  combined  data 
on  chemical  composition  with  data  derived 
from  wide-angle  X-ray  diffraction  studies. 
In  his  scheme  periodically  repeated  groups 
of  amino  acids  are  held  to  occur  in  chains  of 


Fig.  6. — Small-angle  diffraction  patterns  of  col¬ 
lagens.  A,  dry  kangaroo  tail  tendon;  B,  moist  kan¬ 
garoo  tail  tendon.  From  Bear  (10).  (Reproduced  by 
permission  of  the  author  and  .Academic  Press,  Inc.) 

three,  where  one-third  of  the  residues  are 
glycine,  almost  another  third  are  jiroline  or 
hydroxyproline,  and  the  remaining  part  are 
other  amino  acids.  This  structure  was  repre¬ 
sented  by  the  symbols 

-P-  G-  R-P-  G-  R-P-  G-  R- 


(Fig.  7,  6).  He  held  that  some  spacings  in  the 
X-ray  diagram  of  collagen  indicate  “side 
chain”  and  “backbone”  spacings,  as  in  ker¬ 
atin,  so  that  elementary  fibrils  have  two 
dimensions  tran.sverse  to  the  fibril  axes  (3, 
d). 

Huggins  (63)  criticized  the  model  of 
Astbury  mainly  on  the  basis  that  the  forces 
on  opposite  sides  of  the  chains  are  unbal¬ 
anced  and  that  these  forces  would  prevent 
the  main  chains  from  remaining  in  a  straight 
line  and  in  the  same  plane;  they  would  bend 
continuously  in  the  same  direction.  Instead, 
Huggins  offered  the  model  of  a  coiled  chain 
with  a  screw  axis  (see  Fig.  7,  c).  These 
chains  are  jilaced  side  by  side  in  a  thick 
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and  is  more  completely  illustrated  in  Figure 
7.  This  arrangement  was  in  line  with  Berg- 
mann’s  periodicity  theory  (p.  340),  which 
has  since  been  found  not  to  be  valid  for  pro¬ 
teins  in  general  but  is  still  thought  by  some 
authors  to  be  valid  in  the  case  of  collagen 
(70,  68,  69). 

In  Astbury ’s  model,  moderately  folded 
linear  main  polypeptide  chains  are  lying 
parallel  in  sheets  which  are  stacked  on  one 
another.  He  assumed  that  the  imino  residues 
of  proline  and  hydroxyproline  are  all  on  one 
side  of  the  backbone,  together  with  the 
glycine  residues,  while  the  remaining  resi¬ 
dues  are  on  the  other  side  of  the  backbone 


Fig.  7.— Polypeptide  chain  configuration.  Models 
of  (a)  Pauling-Corey,  {b)  .\stbury,  (c)  Huggins  (see 
text).  From  Bear  (10).  (Reproduced  by  i)ermission 
of  the  author  and  Academic  Press,  Inc.) 

plane,  joined  by  hydrogen  bonds  of  the  char¬ 
acter  >N-H  ..•0  =  C<.  This  model  has 
been  objected  to  by  Bear  (10)  on  the  basis 
of  some  X-ray  diffraction  findings. 

Pauling  and  Corey  (105),  proposing  new 
types  of  structure  for  proteins  in  general, 
developed  a  siiecial  model  for  collagen,  in¬ 
volving  an  intertwined  coil  of  three  chains 
spiraling  around  the  same  axis  and  con¬ 
nected  by  hydrogen  bonds  (lig.  7,  a).  1  le 
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validity  of  this  model  has  been  supported  by 
infrared  analysis  (2,  105). 

As  pointed  out  by  Bear  (10),  all  these 
models  were  based  on  the  assumption  that 
collagen  is  not  extensible.  The  connections 
between  the  main  chains  were  taken  as 
holding  the  constituents  of  the  chain  rigidly, 
not  permitting  any  expansion  along  the 
main  axis.  Actually,  massive  fibers  of  colla¬ 
gen  are  capable  of  being  extended  only  a 
little  beyond  the  normal  relaxed  length  be¬ 
fore  rupture  occurs.  Erroneously,  this  fact 
was  taken  as  an  indication  that  the  thin¬ 
nest  elements,  too — the  single  amino  acid 
chains — are  not  at  all,  or  are  hardly,  ex¬ 
tensible.  Electron  microscope  observations 
of  Schmitt,  however,  left  no  doubt  that  the 
thinnest  elements  (“protofibrils”)  are  ex¬ 
tensible  to  quite  a  considerable  degree  (p. 
407).  One  of  Schmitt’s  pictures  indicates  a 
ninefold  increase  in  length  of  a  protofibril 
(Fig.  8).  Apparently,  massive  fibrils,  if 
stretched,  may  break  by  collapse  of  inter- 
fibrillary  bonding  long  before  sufficient  ten¬ 
sion  has  been  exerted  on  individual  fibrils. 

The  most  recent  and  most  satisfactory 
model  for  the  structure  of  collagen  is  that  of 
Bear  (9,  10).  This  model  takes  into  account 
the  results  of  electron  microscopic  studies  as 
well  as  those  of  wide-  and  narrow-angle  X- 
ray  diffraction  data. 

In  Bear’s  model,  collagen  fibrils  are  com¬ 
posed  of  thin  fundamental  units,  the  i)roto- 
fibrils  (Fig.  9).  They  are  normally  single, 
regularly  coiled  polypeptide  chains  with 
about  4.20-5.25  amino  acid  residues  per 
turn,  stiffened  by  interturn  hydrogen  bonds 
arising  from  the  imino  and  carbonyl  groups 
of  the  polypeptide  main  chain.  Protofibrils 
are  parallel  and  arranged  axially  to  one  an¬ 
other  so  that  corresponding  particulars  of 
chemical  structure  more  or  less  match  trans- 
veme  to  the  fibril  axis.”  Along  the  fiber 
axis  there  is  a  long  spacing  of  640  A,  which 
indicates  a  periodically  repeated  chemical 
structure  of  this  length.  This  periodicity 
corresponds  with  the  cross-striations  recog¬ 
nizable  by  the  electron  microscope  (p.  407). 
Bear  calls  the  cross-striae  “bands,”  and  the 
stretches  in  between,  “interbands.”  The 


chemical  configurations  of  the  “interbands 
in  neighboring  protofibrils  match  perfectly 
well,  while  at  the  level  of  cross-bands  long 
polar  side  chains  distort  the  vertical  main- 
chain  spirals  from  their  regular  course  (big. 
10). 

I 


fh 


i 


.  i 

Fig.  8.— Fibril  from  rat-tail  tendon  enormously 
stretched  by  peeling  back  of  collodion  supi)orting 
film.  From  original  of  Fig.  9,  F.  O.  Schmitt,  C.  E. 
Hall,  and  M.  A.  Jakus,  J.  Cell.  &  Comp.  Physiol 
20:21. 

The  640  A  periodicity  is  probably  due  to 
interruption  at  regular  intervals  of  covalent 
bands.  Thus,  although  the  length  of  the 
protofibril  is  indefinite,  the  length  of  a  single 
molecule  wdthin  the  protofibril  is  640  A. 
This  molecule  contains,  according  to  Bear, 
670-700  residues,  and  their  total  molecula^ 
weight  is  calculated  to  be  63,(K)0-65,(K)0 
\Vhile  in  earlier  models  2.86  A  was  taken  as 
the  length  of  a  single  residue  in  collagen 
Bear’s  model  postulates  that  one  residue  oc- 


Fig.  9— Illustrating  the  various  .. 

cluced  by  permission  of  the  author  and  Academic  I  ress,  nc.) 


hierarchies  of  structural  elements  of  collagen.  From  Bear  (10).  (Repro- 


403 


Collagen,  Reticulin,  and  Elastin 


cupies  only  one-third  of  this  length,  namely, 
0.91  A.  If  there  are  700  residues,  each  oc¬ 
cupying  0.91  A  length,  700  residues  will  oc¬ 
cupy  637  A,  a  figure  corresponding  well  with 
the  measured  main  periodicity  of  640  A. 
The  interbands  between  cross-striae  contain 
the  average-sized  hydro.xyl-containing  side 
chains,  such  as  jxjssibly  hydroxyproline  and 


I.  birefringence 

Amorphous  substances  whose  refractive 
indices  are  the  same  in  all  directions  are 
described  as  optically  isotropic.  All  crystals 
except  cubic  crystals  are  optically  aniso¬ 
tropic;  that  is,  their  refractive  index  varies 
with  the  plane  of  vibration  of  the  incident 
light.  Birefringence  of  protein  fibers  has  two 
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Fig.  10.  Diagrammatic  representation  of  the  difference  between  (a)  a  dry  fibril;  (d)  a  fibril  swelling  in 
water  at  neutrality;  and  (c)  the  result  of  acid  swelling.  Only  polar  side  chains  are  shown,  with  open-circled 
and  uncharge,l  side  chains,  +  and  -  signs  designaling  correS|K.ndi„gly  charged  hearls  or  ions, 

®  hyilrogen  ions.  The  long  charged  siile  chains  at  bands  normallv  distort  the  vertical  main- 
Cham  helices  from  a  straight  course.  Neutral  water  (not  shown)  penetrates  bands  and  inlerbands  at ing 

mam  chains  to  an  extent  limited  by  hyilrogen  bonds  between  polar  heads  at  interbands-  Ld  sinmkineouslv 


serine.  Nonpolar  side  chains  (glycine,  pro¬ 
line,  alanine)  are  distributed  through  both 
cross-striae  and  “interbands.”  At  the  level 
of  cross-striae,  salt-type  linkages  prevail, 
with  positively  and  negatively  charged  resi¬ 
dues.  Swelling  in  solutions  of  acids  and  bases 
takes  place  largely  at  the  level  of  the  cross¬ 
bands  and  causes  a  shortening  of  the  fi- 
brillae  (j).  405).  Similarly,  penetration  by 
stains,  such  as  phosphotungstic  acid  used  in 
electron  microscopic  technic,  is  held  to  occur 
at  the  cross-striae  (9,  10). 


components:  (1)  the  intrinsic  birefringence 
of  the  fiber  as  a  whole,  analogous  to  the 
birefringence  of  noncubic  crystals,  and  (2) 
the  structural  birefringence  caused  by  the 
composite  nature  of  the  fiber.  Birefringence 
of  chain  polymers,  like  collagen,  provides  a 
measure  of  the  degree  of  orientation  of  long 
molecules  parallel  to  a  particular  direction 
\V hen  birefringence  diminishes,  it  means 
that  the  parallel  orientation  of  the  iirotein 
chains  of  the  fibrils  is  disturbed.  As  shown 
by  examination  in  polarized  light,  collagen 
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fibrils  are  strongly  birefringent  in  the  direc¬ 
tion  of  the  fiber  axis,  indicating  a  structure 
composed  of  parallel  intrafibrillar  primary 
valence  chains  (92).  Alternating  light  and 
dark  bands  have  been  noted  in  fresh  collagen 
fibers  when  viewed  under  polarized  light 
(66),  indicating  the  composite  nature  of  the 
fiber. 

Formalin  fixation  does  not  alter  the  pat¬ 
tern  of  birefringence  in  collagen,  while  other 
reagents,  such  as  phenolic  compounds,  re¬ 
verse  the  positive  double  refraction  to  nega¬ 
tive  (10). 

J.  CROSS-LINKAGES 

We  have  seen  that  the  fibrous  proteins 
are  made  up  of  elongated  chains  of  amino 
acids  lying  parallel  to  one  another.  Collagen, 
like  keratin,  has  certain  cross-linkages  pres¬ 
ent  which  act  as  stabilizing  forces  and  pre¬ 
vent  the  collapse  or  contraction  of  the  paral¬ 
lel  chains.  Most  important  are  the  hydrogen 
bonds  and  salt  linkages  (p.  357). 

The  polar  side  chains  forming  the  salt 
linkages  are  rather  long  and  account  for  the 
relatively  “open  structure”  of  the  fiber  and 
its  much  greater  hydration  than  that  of 
keratin.  Sixty-six  per  cent  of  the  weight  of 
natural  collagen  is  water  (75).  Because  of 
its  relatively  large  “pores,”  collagen  is  pene¬ 
trated  at  20°  C.  by  methyl,  ethyl,  «-propyl, 
and  isobutyl  alcohols.  The  average  “pore 
size  was  calculated  to  be  about  7-8  A,  which 
is  greater  than  in  silk  or  keratin  (75).  Pos¬ 
sibly  it  is  because  of  this  more  “open” 
structure  that  collagen  is  more  readily  at¬ 
tacked  by  chemical  and  enzymatic  agents 
than  keratin  is. 

Lloyd  and  Garrod  (75,  72)  believe  that  a 
special  kind  of  hydrogen  bond— the  so- 
called  “amide  hydroxyl  link”— is  particular¬ 
ly  frequent  in  collagen: 

)>c-ch2-ch2*conh  •  •  •  oh 

H  CH3-C-HC< 

They  held  this  linkage  to  be  more  common 
than  the  usual  hydrogen  bonding  between 
carbonyl  and  imino  groups: 

)>NH  •  •  •  0=C< 


Lloyd  (74)  has  suggested  that  collagen  has 
two  salt  links  and  one  amide  hydroxyl  link 
to  every  ten  residues.  From  spatial  con¬ 
siderations,  however,  Weir  and  Carter  (124) 
believe  that  salt  links  may  be  scarce  and 
that  hydrogen  bonds  outnumber  salt  bonds 
by  a  factor  of  7.  The  disulfide  linkage  of  ker¬ 
atin  is  apparently  absent  in  collagen  (75). 

K.  GELATIN  FORMATION  AND 
SHRINKAGE  OF  COLLAGEN 

The  prolonged  action  of  hot  water  at 
8()°-90°  C.  slowly  converts  collagen  to  gela¬ 
tin,  i.e.,  a  fibrillary  material  is  transformed 
into  a  grossly  amorphous  mass.  The  con¬ 
version  time  is  shortened  at  higher  tempera¬ 
tures  and  under  pressure  (16).  The  amor¬ 
phous  gelatin,  in  contrast  to  the  fibrous 
collagen,  is  easily  digested  by  trypsin.  There 
must  be  some  change,  therefore,  in  the  struc¬ 
ture  and  linkages  involved.  It  is  not  clear 
how  much  hydrolytic  splitting  is  involved  in 
this  process.  That  some  disintegration  has 
taken  place  is  indicated  by  molecular-weight 
measurements:  a  mixture  of  molecules  of 
different  sizes  has  been  found  in  gelatin  (64). 
According  to  Huggins  (62),  there  is  fission 
of  many  NHO  bridges,  followed  by  forma¬ 
tion  of  bridges  in  other  directions,  so  that 
gelatin  has  an  irregular  three-dimensional 
structure,  while  collagen  is  more  of  an  as¬ 
sembly  of  parallel  two-dimensional  nets. 
Unstretched  gelatin  does  not  give  an  ori¬ 
ented  X-ray  pattern,  but,  if  stretched,  the 
small-spacing  diffraction  pattern  of  collagen 
reappears.  There  is,  however,  no  longer  any 
evidence  of  the  long-spacing  pattern  (27). 

If  collagen  fibers  are  gradually  heated  in 
water  up  to  a  temperature  of  60°-72°  C-,  the 
fiber  shrinks  to  about  one-third  its  original 
length  (49).  The  process  probably  starts 
well  below  this  temperature  (104,  119).  The 
longitudinal  shrinkage  of  collagen  fibers  may 
be  involved  in  the  well-known  ability  of  the 
epidermis  to  separate  from  the  dermis  on  a 
hot  plate  at  50°  C.,  the  loosening  being  due 
both  to  longitudinal  shrinkage  and  to  the 
tendency  to  go  from  the  gel  state  of  the  fiber 
to  the  sol  state  as  the  temperature  is  raised 
since  shrinkage  is  comparable  to  a  kind  ot 
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melting  process  (25,  85,  35).  The  shrinkage 
temperature  is  a  measure  of  the  structural 
stability  of  the  protein.  On  heating  of  col¬ 
lagen,  simultaneously  with  longitudinal 
shrinkage  water  penetrates  between  the 
grids  of  the  chains,  the  fiber  swells  in  width, 
and  the  side-chain  spacing  (p.  392)  is  in¬ 
creased  in  the  X-ray  pattern.  At  extreme 
shrinkage  the  X-ray  pattern  approaches 
that  of  unstretched  gelatin.  If  the  con¬ 
tracted  fiber  is  moistened  and  dried  under 
stretch,  the  wide-angle  X-ray  pattern  again 
shows  perfect  fibering  but  no  evidence  of  the 
long  spacing,  indicating  breakage  of  cohesive 
forces  between  micelles  (27).  Shrunk  colla¬ 
gen  becomes  more  easily  digested  by  tryp¬ 
sin,  also  indicating  some  break  in  linkages 
(49). 

Lloyd  and  Oarrod  held  that  most  prob¬ 
ably  the  salt  links  were  the  main  linkages 
holding  collagen  in  the  extended  condition 
(74),  but  Gustavson  (49)  claims  that  the 
main  stabilizing  forces  in  collagen  are  the 
hydrogen  bonds,  a  majority  of  these  having 
to  be  broken  before  extensive  shrinkage  of 
the  fiber  can  occur.  Probably  both  j)lay  a 
role.  Shrinkage  of  collagen  fibers  is  not  uni¬ 
form.  \\  ith  the  onset  of  the  process,  tiny 
nodules  are  formed  within  the  finest  sub- 
microscopic  fibers,  and  these  increase  in 
diameter  as  shrinkage  increases.  The  sig¬ 
nificance  of  these  nodules  is  not  well  under¬ 
stood  (123,  124).  When  shrinkage  is  com¬ 
plete,  the  collagen  fiber  becomes  rubber-like 
and  can  be  stretched.  If  the  extension  force 
is  released,  the  fiber  returns  to  its  shrunken 
state  (74). 

Various  substances  besides  hot  water 
shrink  collagen  and  cause  it  to  pass  into  a 
rubber-like  state.  These  are  various  solu¬ 
tions  of  salts,  their  degree  of  effectiveness 
following  the  Hofmeister  series  (see  below) 
Among  cations,  Ca++,  and  among  anions^ 
bCN  are  especially  effective.  Shrinkage  is 
also  achieved  by  treatment  with  acids  at 
pH  s  less  than  4.0  and  by  alkalies  at  pH’s 
more  than  10.0.  Various  organic  acids,  such 
as  formic,  thioglycolic,  and  lactic,  as  well  as 

lects  (74).  Low  concentrations  of  glucose 


and  sucrose  lower  the  shrinkage  temperature 
and  cause  considerable  swelling  of  the  coL 
lagen  fiber  (75).  Formamide,  formic  acid, 
lactic  acid,  thioglycolic  acid,  and  w-cresol 
are  all  capable  of  disintegrating  the  collagen 
molecule,  probably  by  breaking  all  hydrogen 
and  salt  bonds  (75).  Dehydrating  agents, 
such  as  sulfate  ions  or  simple  drying  of  the 
corium,  raise  the  shrinkage  temperature  of 
collagen  (71). 


L.  SW^ELLING  PROPERTIES 


An  important  and  distinguishing  prop¬ 
erty  of  collagen  and  gelatin  is  their  ability  to 
swell  in  dilute  acids,  bases,  and  neutral  salts 
by  combining  with  these  agents  (p.  340).  A 
small  piece  of  skin  placed  in  these  solutions 
swells  up  remarkably.  The  degree  of  swelling 
in  acids  and  alkalies  depends  not  only  on  the 
pH  but  also  on  the  chemical  nature  of  the 
acid  or  alkali.  At  the  same  pH,  weak  acids 
have  greater  swelling  properties  than  strong 
acids.  Divalent  bases  and  acids  are  less  ef¬ 
fective  (76,  35)  than  monovalent  bases  and 
acids. 


in  iooo-yi  rlotmeister  (60)  reported  on 
the  effects  of  various  anions  and  cations  on 
the  swelling  of  commercial  leaf  gelatin  and 
arranged  them  according  to  their  swelling 
effect.  This  series  is  now  known  as  the  ‘‘Hof¬ 
meister  or  lyotropic  series.”  Figure  11  shows 
the  degree  of  swelling  of  gelatin  in  various 
neutral  salts  at  different  concentrations. 
Among  anions,  the  most  powerful  swelling 
agents  are  the  thiocyanate,  iodide,  and  bro¬ 
mide  ions.  The  sulfate  and  acetate  ions  are 
dehydrating  agents.  The  effect  of  monova¬ 
lent  cations  on  swelling  can  be  listed  as 
Li>Na>K  (78).  The  effect  on  collagen 
fibers,  although  not  exactly  equivalent,  is 
very  similar  to  that  on  gelatin.  Gelatin  swells 
more  readily  because  the  restraining  forces 
of  a  highly  tensile  and  structured  fiber  are 
absent.  The  mechanism  of  swelling  by  neu¬ 
tral  salts  is  referred  to  as  a  “lyotropic  effect” 
and  is  due  to  a  combination  of  chemical  and 
physical  factors  (59).  Swelling  in  dilute 
acids  and  bases  when  ionized  salts  of  the 
protein  are  formed  is,  in  the  main,  regu- 
ated  by  the  Donnan  equilibrium  (p.  5(K)), 
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Neutral  salts,  such  as  sodium  chloride,  gen¬ 
erally  depress  the  swelling  of  gelatin  and 
collagen  at  acid  and  alkaline  values. 
Salts  have  a  greater  depressing  effect  on  acid 
than  on  alkaline  swelling. 

In  swollen  collagen  the  shrinkage  tem¬ 
perature  (p.  404)  is  decreased.  There  ac¬ 
tually  is  an  inverse  relationship  between  the 
degree  of  swelling  and  the  shrinkage  tem¬ 
perature.  At  the  extreme  acid  and  alkaline 


is  first  dried,  it  is  more  difficult  to  produce 
liber  swelling,  because,  apparently,  new 
cross-linkages  are  formed  in  the  drying 
process  (73,  77). 

Marriott  (89)  has  described  in  some  de¬ 
tail  the  different  processes  which  may  occur 
in  collagen  libers  during  swelling;  among 
these  are  (1)  the  osmotic  effect  of  the  Don- 
nan  equilibrium,  (2)  increase  in  hydration  of 
the  protein,  and  (3)  physical  separation  of 


Fig.  1 1  .-Swelling  of  gelatin  parliclesat  0"  C.  in  various  neutral  salt  solutions.  Front  Felsher  {K).  (Repro- 
duced  by  permission  of  the  Williams  &  Wilkins  Company.) 


pH  values,  where  swelling  occurs  at  its 
height,  shrinkage  of  the  collagen  fiber  takes 
place  at  room  temperature  (66).  Thiocya¬ 
nate  and  iodide  ions  have  a  very  drastic 
effect.  They  shrink  and  even  gelatinize  col¬ 
lagen  at  room  temperature  (75).  Conversely, 
sulfate,  citrate,  and  acetate  ions  that  (le- 
hydrate  the  collagen  fiber  increase  its 
shrinkage  temperature  (75).  Swelling  of  col¬ 
lagen  also  takes  place  in  some  organic  solu¬ 
tions,  such  as  thioglycolic  acid,  lactic  acid, 
formamide,  w-cresol,  and  some  f^ty  acids 
and  fatty  alcohols  (73)  (p.  405).  If  collagen 


the  fibers  and  fibrils  from  one  another,  re¬ 
sulting  in  an  increase  in  the  total  width.  In 
this  third  process  there  is  no  shrinkage  in 
length,  such  as  is  seen  in  true  osmotic  swell¬ 
ing.  Marriott  found  that  separation  of  fibers 
of  ox  hide  took  place  between  pH  5.0  and 
3.5.  True  swelling  began  below  this  point, 
with  decrease  in  length  of  the  iiber  and  fur¬ 
ther  increase  in  w'idth. 

The  internal  cohesive  forces  of  collagen 
are  able  to  resist  to  some  degree  the  disten¬ 
tion  by  swelling  agents.  In  addition,  reticu¬ 
lar  fibers  have  been  demonstrated  by  Lloyd 
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(73,  66)  to  encircle  collagen  libers  in  rat-tail  Under  the  electron  microscope  Gross  and 


- - -  ^ 

tendon  and  produce  constrictions  and  bulges 
in  gross  libers  as  they  swell.  Day  (29)  found 
similar  constricting  rings  in  swollen  collagen 
from  the  deep  fascia  of  rat  thigh  muscle;  but 
he  claimed  that  these  were  due  to  condensa¬ 
tion  of  the  “interstitial  cement  substance” 
around  the  liber.  Such  condensation  occurs 
below  pH  3.5. 

If  gelatin  and  collagen  are  placed  in  water 
at  or  near  their  isoelectric  {xjints,  they  swell 
to  a  slight  degree.  This  is  called  “imbibition 
swelling,”  as  contrasted  with  Uonnan  swell¬ 
ing.  In  imbibition  swelling,  water  is  held 
firmly.  It  requires  8,000  lb,  sq  in  to  remove 
loosely  bound  water  and  30,000  lb  sq  in  to 
remove  firmly  bound  water  from  a  gelatin 


Schmitt  (48)  found  that  the  collagen  fibrils 
of  human  skin  ranged  in  width  from  700  to 
1,400  A,  the  majority  being  1,000  A  wide. 
In  infants  some  fibrils  were  found  to  be  as 
thin  as  300  A.  The  fibrils  w^ere  straight,  un¬ 
branched,  and  imbedded  in  an  amorffiious 
matrix  which  was  not  removable  by  washing 
with  water.  The  fibrils  showed  a  character¬ 
istic  cross-striated  aj^pearance,  which  looked 
the  same  in  all  collagens,  whether  they  came 
from  tendon,  human  skin,  or  animal  skin 
(Fig.  12). 

The  cross-striation  is  due  to  an  alterna¬ 
tion  of  bands  of  high  and  low  density,  and  it 
can  be  noted  that  each  band  extends  across 
the  entire  width  of  the  fibril.  The  dark  bands 


gel  at  its  isoelectric  point.  Water  taken  up  have  been  designated  “A”  bands,  and  the 


ight  bands  “B”  bands.  Cross-striations  can 
be  seen  only  in  dried  fibers.  No  cross-stria¬ 
tion  is  demonstrable  in  the  natural  state 
(38).  As  mentioned  before,  in  the  dried  fiber 
the  distance  between  one  dark  band  and  an- 


by  acid  swelling  requires  only  1,500  lb  sq  in 
for  its  removal  (78). 

M.  ISOELECTRIC  POINT 

Up  until  a  few  years  ago,  it  was  held  that  _ _ _ _ 

the  isoelectric  point  of  collagen,  at  which  other  averages  about  644  A  (p.  401)  (112). 

swelling  ability  is  at  a  minimum,  was  at  After  treatment  with  calcium  hydroxide  or 

pH  4.7.  This  finding,  however,  was  made  on  barium  chloride,  the  striations  disappear 
collagen  which  was  degraded  by  alkali  when  (100).  In  dilute  acids  cross-striation  persists 
It  was  prepared.  In  1939  both  Highberger  but  the  interval  between  the  bands  is  re- 
(^6)  and  Beek  and  Sookne  (13)  showed  by  duced  to  540  A.  Heat  shrinkage  apparently 
electrophoretic  methods  that  the  isoelectric  ’  '  ’  •  -  -  ^  ^ 

point  of  collagen  not  subject  to  strong  alka¬ 
line  treatment  lies  between  7.0  and  7.8. 


N.  ELECTRON  MICROSCOPY 

Using  a  conventional  microscope,  one 
finds  that  the  collagen  fibers  of  the  skin  vary 
in  thickness  from  about  20  to  40  ^  (112). 
AVithin  the  gross  fibers,  so-called  “jirimitive 
fibers”  can  be  distinguished,  which  are 
about  2  in  width.  These  primitive  fibers 
can  be  further  split  into  fibrils  of  a  uniform 


does  not  destroy  the  striation  pattern  unless 
the  fiber  becomes  gelatinized  (100,  112). 

Individual  thin  collagen  fibrils  are  mark¬ 
edly  extensible.  By  stretching,  the  spacing 
of  the  A  and  B  bands  can  be  enlarged  from 
the  original  640  A  to  6,000  A  (see  Fig.  8,  p. 
401).  Such  extensibility  is  not  present  in  the 
conglomerate  of  fibrils  as  they  are  repre¬ 
sented  in  coarse  collagen  fibers.  The  bundles 
cannot  be  stretched  because  of  cohesive 
forces  between  fibrils  or  because  of  some 
binding  material  between  them  (112).  The 


width  of  about  0  5  u  (5  000  f  material  between  them  (112).  The 

-i«. . ..... . . . . . 


with  a  needle  or  chemically  by  elect 
lytes. 

In  recent  ye.Trs  the  electron  microscorre 
has  thrown  further  light  on  the  structure  of 
collagen  Vet,  in  spite  of  its  tremeixlous 
power  of  magnit, cation,  this  microscope  does 
not  resolve  the  I, hers  of  collagen  into  their 
elementary  protofibrils. 


the  natural  state  the  polypejitide  chains  of 
the  fibril  are  in  a  more  folded  state  than  was 
previously  postulated  by  Astburv  and  Hug¬ 
gins  (3,  63)  (p.  400).  The  type  of  folding  is 
Hod  ”7^2)^  tlifferent  in  the  A  and  B  pe- 

By  staining  with  Jihosphotungstic  acid 
Gross  and  Schmitt  (48)  found  that  the  A 
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and  B  bands  further  resolved  into  from 
three  to  seven,  usually  six,  intraperiod  bands 
labeled  a,  h\,  h,  c,  d,  and  e  (Fig.  13).  Accord¬ 
ing  to  \Volpers  (126),  the  dark  band  nor¬ 
mally  contains  only  two  intraperiod  bands, 
while  the  light  band  has  one.  When  more 


points  out  that  Bear’s  (9)  X-ray  data  on  in¬ 
tact  tissue  support  the  many-banded  intra¬ 
period  structure.  Pratt  and  Wyckoff  (108) 
describe  a  cross-striation  pattern  somewhat 
different  from  that  of  Wolpers  and  Gross 
and  Schmitt. 


V  ^  19  Fnrmvar  reolica  of  collagen  fibrils  from  adult  corium  deiiosited  on  a  glass  slide  from  aqueous 


coriu.  niTils  rron,  r™..ente„ 

(r8;TRe;::iutri":Sr„r^  h.  Rocd.enc.  msuuue  Me., lea,  R«earc„.) 

•  1  1  _ ^4 


lands  are  found,  Wolpers  claims  that  it  is  an 
indication  of  pathological  changes  in  the 
collagen.  He  actually  produced  such 
in  the  skin  of  rabbits  by  anoxemia.  Schmitt 
(111)  still  maintains  that  six  or  seven  intra- 
period  bands  are  normally  present  an 


In  the  librinoid  degeneration  of  rheu¬ 
matic  nodules  and  experimental  Arthus  phe¬ 
nomenon,  Wolpers  (126)  found  the  normal 
apiiearance  of  collagen  under  the  electron 
microscope  jireserved.  However,  .rollagen 
libers  were  stuck  together  abnormally,  ow- 
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ing  lo  fibrin  deposition  and  pathologic 
changes  in  the  ground  sul)stance.  There  was 
no  swelling  of  fibers,  and  the  collagen  ma¬ 
terial  was  apparently  intact,  dale  (38)  like¬ 
wise  found  no  changes  in  collagen  fibrils 
under  the  electron  microscope  in  acute  rheu¬ 
matic  fever,  rheumatoid  arthritis,  lupus 
erythematodes,  keloid,  fibroma,  neurofibro¬ 
ma,  and  fibrosarcoma.  These  findings  prob¬ 
ably  justify  the  criticism  of  the  term  “col¬ 
lagen  diseases.”  These  diseases  are  actually 
diseases  primarily  of  the  ground  substance 
(chap.  18). 

O.  PROCOLLAGEN 

Orekhovich  et  al.  (102)  extracted  a  “solu¬ 
ble  collagen”  by  the  use  of  a  citrate  buffer  at 
pH  4  from  various  tissues,  including  fresh  ox 
hide,  which  they  called  “procollagen.”  Dial¬ 
ysis  of  the  extracts  against  water  yielded 
typical  fibrils  (102).  The  amino  acid  com¬ 


position  of  this  material  corresponded  close¬ 
ly  with  that  of  collagen  (26).  The  name 
“procollagen”  would  indicate  that  this  ma¬ 
terial  is  a  precursor  of  collagen,  but  there  is 
insufficient  evidence  for  this  assumption. 
Rather,  it  appears  that  collagen  fibrils  can 
be  reversibly  solubilized.  This  behavior  is 
similar  to  that  of  epidermal  fibrils  as  de¬ 
scribed  by  Rudall  (p.  345). 

Highberger,  Gross,  and  Schmitt  (57)  de¬ 
scribed  the  electron  microscopic  appearance 
of  the  fibrils  formed  by  the  Orekhovich 
technic.  In  this  material  there  were  typical 
collagen-type  fibrils  but  also,  in  addition,  fi¬ 
brils  with  an  axial  spacing  of  about  2,200  A. 
It  was  suggested  that  the  formation  of  these 
strange  fibrils  may  be  due  to  the  interaction 
of  mucoproteins  and  soluble  collagen,  since 
similar  fibrils  were  obtained  by  dialysis  of 
solutions  of  rat-tail  tendon  collagen  in  acetic 
acid  with  mucoprotein  (57)  (p.  397). 


III.  RETICULIN 


The  reticular  fibers  of  the  skin  are  small 
in  amount,  making  up  about  0.38  per  cent  of 
the  original  dry  weight  of  the  collagen  (54). 
These  fibers  are  characterized  by  their  abil¬ 
ity  to  take  up  silver  from  silver  nitrate  solu¬ 
tions.  They  branch  and  form  a  network  in 
the  skin.  No  amino  acid  analysis  of  reticulin 
from  the  skin  has  been  made.  Using  fibrous 
argyrophil  tissue  prepared  from  fat  and 
lymph  nodes  by  extraction  with  concen¬ 
trated  sodium  chloride  and  ethanol,  Bowes 
and  Kenten  (20),  by  chromatographic  meth¬ 
ods,  found  that,  with  the  exception  of  a 
lower  prohne  and  hydroxy  proline  content, 
the  amino  acid  composition  of  collagen  and 
reticular  tissue  was  very  similar.  Probably 
argyrophil  fibers  of  the  skin  and  other  organs 
are  similar  to  those  of  lymph  nodes  and  fat 
tissue  (20). 

1  he  relationship  of  collagen  to  reticulin  is 
not  quite  clear.  Three  main  theories  have 
arisen  concerning  this  relationship: 

1 .  Reticulin  and  collagen  are  entirely  dif- 
erent  chemical  entities.  This  is  concluded 
from  the  fact  that  reticulin  takes  up  silveJ 
stain  and  a,, pears  to  be  more  resistant  to 


acids,  alkalies,  and  boiling  water  than  col¬ 
lagen  is  (85,  78).  In  contrast  to  collagen,  it  is 
not  dissolved  by  thioglycolic,  formic,  and 
lactic  acids  at  20°  C.  and  is  unaffected  by 
formamide  or  w-cresol  at  the  same  tempera¬ 
ture  (72).  Collagen  treated  with  calcium 
hydroxide  becomes  susceptible  to  the  action 
of  trypsin,  but  reticulin  does  not  (65).  Re¬ 
ticulin  has  much  less  swelling  property  in 
acid  and  base  than  collagen  has  (110),  al¬ 
though  it  shrinks  in  length  when  the  fiber 
swells  and  in  this  respect  resembles  collagen 
and  differs  from  elastin  (65).  Concentrated 
acids  and  alkalies  do  cause  swelling  and  final 
disintegration  of  reticulin  if  boiled  (65).  It 
has  been  claimed  that  reticulin  is  not  con- 
yerted  to  gelatin  on  boiling  (36).  McManus 
(86)  found  that  reticulin  stained  with  peri¬ 
odic  acid  Schiff’s  reagent  (p.  435),  indicating 
that  It  probably  contains  some  carbohydrate 
or  that  polysaccharide  has  been  adsorbed 

fibril^  reticulin 

2.  Reticulin  is  an  early  developmental 

thTtn'  w  ''U‘l'tskaya  (127)  found 

that  the  hide  of  cattle  embryos  contained 
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only  one  fibrous  protein,  and  this  was  retic- 
ulin.  Gross  (44)  showed  that  nearly  all  the 
fibrous  elements  of  the  corium  of  2-12-day- 
old  rats  were  argyrophilic  reticulin,  with  a 
gradual  transition  to  typical  collagen  with 
age. 

d.  Reticulin  is  basically  collagen.  More 
modern  views  seem  to  point  to  this  conclu¬ 
sion  (10).  Mallory  and  Parker  (87)  believed 
that  the  only  difference  between  collagen 
and  reticulin  was  physical  in  nature,  the 
fine  fibrils  taking  up  the  silver  stain  because 
of  their  thinness.  Histologically,  they  found 
evidence  that  reticular  fibers  were  continu¬ 
ous  with  collagen.  Nageotte  and  Guyon 
(95)  precipitated  fine  collagen  fibrils  from 
the  soluble  collagen  of  rat-tail  tendon,  which 
took  up  the  silver  stain.  Lloyd  (72)  held  that 
collagen  and  reticulin  were  probably  similar 
chemically,  except  that  reticulin  seemed 
more  strongly  bonded  laterally  than  did 


collagen.  This  could  explain  the  differences 
in  behavior  of  reticulin  toward  acids,  alka¬ 
lies,  and  other  chemicals  as  compared  to 
collagen. 

Only  little  work  has  been  done  on  the  X- 
ray  diffraction  pattern  of  reticulin.  Bear  (11) 
found  that  the  wide-angle  diffraction  pat¬ 
terns  of  fibers  from  newborn  rat  corium, 
which  are  argyrophilic,  were  typical  of  col¬ 
lagen.  Reticular  fibers  from  beef  spleen  also 
showed  a  pattern  similar  to  collagen,  with  an 
average  repeating  period  of  655  A  (8).  These 
findings  fit  in  well  with  those  observed  under 
the  electron  microscope,  since  the  same 
argyrophilic  fibers  of  newborn  rat  skin  are 
composed  of  unbranched  fibrils  with  stria- 
tions  typical  of  adult  collagen  (46,  47). 
These  fibrils  had  the  tendency  to  group  in 
bundles  and  differed  from  those  of  the  adult 
rat  by  being  only  one-third  to  one-half  as 
wide  as  the  latter. 


IV.  ELASTIN 


Knowledge  of  the  chemistry  of  cutaneous 
elastin  is  not  nearly  so  far  advanced  as  is 
that  of  collagen.  One  reason  for  this  is  that 
elastin  is  not  easily  available  in  large 
amounts  in  skin,  since  it  makes  up  only 
about  2  per  cent  of  the  dry  weight  of  human 
skin.  Most  of  the  work  on  elastin  has  been 
done  on  material  from  the  hgamentum 
nuchae  of  animals.  We  have  no  definite  as¬ 
surance  that  these  fibers  are  of  the  same 
composition  and  properties  as  those  m  the 


skin.  .  , 

Elastic  fibers  are  yellow  m  color, 

branched,  and  of  variable  width  and  lengUi 
(85).  In  fetuses  around  the  third  month. 
Lynch  (81)  found  a  basement  membrane  in 
the  skin  that  stained  like  elastic  tissue.  This 
membrane  disappeared  later.  Elastic  fibers 
are  strongly  acidophilic  (85)  and  are  ar¬ 
ranged  in  a  superficial  subepidermal  plexus 
of  fine  fibers  and  a  deeper  layer  of  much 
larger  fibers  (50).  It  has  been  claimed  that 
the  elastic  fibers  play  a  role  in  anchoring  the 
epidermis  to  the  corium  (91),  and  a  pau  y 
of  these  fibers  has  been  found  in  epidermo  y- 
sis  bullosa  (55).  Histologically,  however, 


ere  is  no  good  evidence  for  this  hypothesis 

0). 

Lowry  et  at.  (80)  developed  a  method  for 
le  isolation  and  quantitative  determination 

elastin  from  skin  by  extraction  with  boil- 
g  0.1  N  sodium  hydroxide,  which  destroys 
)llagen  and  leaves  elastin  behind,  appar- 
itly  intact.  Neuman  and  Logan  (98)  have 
;cently  separated  elastin  from  collagen  by 
inverting  the  latter  into  gelatin  by^  hy- 
rolysis  with  water  in  the  autoclave.  This 
rastic  treatment  leaves  elastin  behind  as  a 
^sidue.  It  is  apparent  that  elastin  is  more 
^sistant  to  dilute  acids,  alkalies,  and  boiling 
^ater  than  collagen  is.  Heating  elastin  in 
Lrong  acids  or  alkalies  will,  however,  finally 
issolve  it  (16). 

Trypsin  definitely  has  some  digestive  ac- 
ion  on  elastic  fibers.  Tliis  can  be  noted 
rossly  and  also  under  the  electron  micro- 
cone  (75,  KW.  37)  (Fig.  Id)-  Pepsin  attacks 
lastin  with  difficulty  (78).  .A  membrane  in- 
losing  the  fiber  has  been  found  (83.  /al. 
Jnder  the  action  of  tryiisin  the  core  of  the 
iber  has  been  described  as  first  breaking 
iito  short  cylinders,  which  later  contract 
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into  droplets  and  remain  held  in  the  sheath 
for  some  time  before  the  whole  liber  dis¬ 
integrates  (75;  see  also  p.  448). 

Halo  and  Banga  (6)  measured  the  elasto- 
lytic  effect  of  trypsin  and  chymotrypsin  on 
elastic  tissue  from  the  aorta.  They  found 
that  these  enzymes  had  a  much  smaller 
effect  than  another  enzyme  which  they  w’ere 
able  to  isolate  from  pancreatic  tissue,  called 
“elastase.”  The  oi)timum  activity  of  this 


results  have  not  been  uniformly  in  agree¬ 
ment.  Table  3  show^s  the  amino  acid  content 
of  elastic  tissue  as  recently  compiled  by 
Gross  (45).  Bowes  and  Kenten  (20)  used 
paper-partition  chromatography  in  the  de¬ 
termination  of  the  amino  acids  of  elastin 
isolated  from  skin.  These  chromatograms 
were  not  the  same  as  those  obtained  from 
the  elastin  of  the  ligamentum  nuchae,  and  it 
may  be  either  that  the  elastic  fibers  of  the 


♦■•■s' 


nf  cross-striated  fibrils  left  behind  after  tryptic  digestion  of  yellow  connective  tissue 

of  dog  Palladium  shadowing.  From  A.  VV.  Pratt  and  R.  W.  G.  WyckolT,  Biochim.  &  Lphys  acta  5-16^74 
19M).  (Reproduced  by  permission  of  Elsevier  Publishing  Company,  Inc.,  New  York  and  Amsterdam  )  ’ 


enzyme  occurred  at  pH  10.3.  Action  began 
at  pH  6.0.  Balo  and  Banga  also  found  that 
elastase  did  not  liberate  any  amino  acids 
from  the  elastic  tissue.  The  effect  of  the 
enzyme  was  only  to  transform  an  insoluble 
protein  into  a  soluble  one.  Idle  same  was 
true  of  the  action  of  trypsin. 

The  amino  acid  content  of  elastin  has 
been  determined  by  several  investigators 
(11:1,  41,  20,  97),  mainly  on  the  material 
from  the  ligamentum  nuchae  of  the  ox.  Var¬ 
ious  methods  have  been  used  in  both  the 
purification  and  the  chemical  analysis  of 
elastic  tissue,  and,  as  is  to  be  expected,  the 


skin  are  apjireciably  different  in  composition 
from  those  of  the  ligamentum  nuchae  or 
that  they  are  less  resistant  to  the  boiling 
water  used  in  their  seiiaration  and  that  the 
residues  obtained  from  the  skin  contain 
some  other  protein  breakdown  jiroducts, 
perhaps  from  reticulin  (20).  From  what  is 
known  at  present  concerning  the  amino  acid 
content  of  elastin,  it  appears  that  this  sub¬ 
stance  contains  less  arginine,  lysine,  hy- 
dro.xyproline,  glutamic  acid,  and  aspartic 
acid,  but  more  valine,  than  collagen.  The 
basic  and  acid  amino  acid  content  of  elastin 
IS  relatively  low.  Stein  and  Miller  (115) 
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estimated  from  their  determination  of  the 
amino  acid  content  that  elastin  must  con¬ 
tain  576  amino  acid  residues  or  some  whole 
multiple  thereof  with  a  minimum  molecular 
weight  of  49,500.  Stein  and  Miller  found  the 
isoelectric  point  by  the  cataphoretic  method 
to  be  pH  4.18  +  0.03.  On  the  other  hand, 
Bowes  and  Kenten  (20),  by  the  titration 
curve  of  elastin  with  hydrochloric  acid  in 


T.\BLE  3 


.\MiNo  .\ciD  Content  of  Mamma¬ 
lian  Elastin  (45) 


Amino  .Acid 

Total  N . 

Amino -N . 

Glycine . 

Alanine . 

Leucine . 

Iso  leucine . 

Ealine . 

Phenylalanine . 

Tyrosine . 

Tryptophane . 

Elastin  in 
Cow  Lig.  nuchae 
(Gm/100  Gm 
Protein) 

.  17.1 

.  29.9 

.  18.9 

.  8.7 

...  4.0 

.  17.4 

....  5.0 

1.61 

..  <0.01 
0.82 

Threonine . 

..  0.96 

0.15 

Methionine . 

0.03 
..  17.0 

2.0 

rfisine'  . 

liyaroxyiybinc .  0  89 

0.07 

0.63 

Glutamic  acid . 

2.1 

0.04 

the  presence  of  0.5  N  sodium  chloride,  found 
the  isoelectric  point  to  be  more  in  the  neig  i- 


borhood  of  pH  6.0.  , 

Elastin  differs  from  collagen  m  elasticity, 
the  former  having  rubber-hke  properties 
(74  115)  (p.  401).  The  elasticity  has  been 
explained  by  the  fact  that  the  number  of 
polar  amino  acids  in  elastin  are  compara¬ 
tively  few  (45).  Hence  there  are  few  cross- 
bonds  between  lateral  molecules,  and  the 
fibers  can  be  stretched  reversibly.  Llastin 
cannot  be  “set”  in  the  extended  ixisition 


except  by  drying.  This  also  can  be  taken  as 
evidence  for  the  absence  of  potentialities  for 
forming  lateral  bonds  (74).  The  few  cross¬ 
bonds  that  are  present,  however,  must  be 
strongly  held,  since  elastin  is  insoluble  in  all 
common  protein  solvents  (74).  The  concept 
at  present  is  that  elastin  molecules  lie  in  a 
randomly  crumpled  position,  the  position  of 
maximum  entropy,  and,  if  pulled,  tend  to  go 
back  to  the  latter  position  (74).  The  fact 
that  unstretched  elastic  fibers  are  not  bire- 
fringent  but  begin  to  show  uniaxial  bire¬ 
fringence  if  stretched  up  to  100-150  per  cent 
of  their  original  length  favors  this  view  (92). 

X-ray  diffraction  analysis  of  unstretched 
elastic  fibers  gives  only  an  amorphous  pat¬ 
tern  characteristic  of  the  unoriented  state. 
The  existence  of  an  ordered  X-ray  diffrac¬ 
tion  pattern  in  stretched  fibers  has  not  been 
settled.  Kolpak  (67)  and  Astbury  (3)  found 
orientation  effects  in  stretched  elastic  fibers, 
but  it  is  uncertain  whether  these  were  not 
due  to  collagen  impurities  left  within  the 
“purified”  elastin. 

Elastin  has  much  less  capability  of  swell¬ 
ing  than  collagen  has.  In  pieces  of  skin 
swollen  by  acid  treatment,  the  elastic  fibers 
stand  out  more  clearly  as  unswollen  struc¬ 
tures  (83).  In  acids  and  alkalies  some  swell¬ 
ing  of  elastic  fibers  takes  place,  but,  con¬ 
trary  to  what  is  found  in  collagen  (p.  405), 
swelling  occurs  both  in  the  width  and  in  the 
length  of  the  axis  (72,  75).  Swelling  also 
occurs  in  formamide,  formic  acid,  thiogly- 
colic  acid,  acetic  acid,  and  fused  phenol  (75). 

Electron  microscopy  of  elastic  fibers  has 
not  as  yet  yielded  much  information  con¬ 
cerning  their  structure.  Wolpers  (125)  found 
the  elastic  fibers  of  the  ligamentum  nuchae 
to  be  homogeneous,  highly  contorted,  and 
branched.  Their  size  varied  from  80  to 
2  500  A  in  width.  No  cross-striations  were 
seen.  Gross  (43)  at  first  believed  that  he  saw 
an  ordered  structure  in  elastic  fibers  par¬ 
tially  digested  by  trypsin.  Eranchi  and  De 
Robertis  (37),  however,  later  demonstrate! 
that  the  fibers  which  the  former  investigator 
saw  were  not  elastic  fibers  but  were  probably 
material  from  digested  bacteria  m  the  un- 
sterile  trypsin  solutions  used. 
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I.  INTRODUCTION 


A.  physiological  evidence  for  presence 
of  ground  substance 

HEN  water  or  saline  is  injected  into  the 
skin,  a  wheal  is  raised,  which  persists 
for  a  considerable  time.  McClure  and  Al¬ 
drich  (207)  injected  0.2  ml.  of  0.8  per  cent 
saline  into  the  skin  of  the  forearm  and  found 
that  a  raised  bleb  of  about  10  mm.  in  diame¬ 
ter  would  persist  for  about  50  minutes  in  the 
normal  subject,  but  for  a  much  less  time  in 
patients  with  cardiac  or  renal  edema.  The 
same  is  true  of  loose  areolar  connective  tis¬ 
sue,  and  the  boule  Ta’deme  produced  by  sa¬ 
line  injection  was  noticed  long  ago  by  Ran- 
vier.  Ordinary  microscope  sections  of  these 
tissues,  showing,  as  they  do,  wide  sjiaces  be¬ 
tween  the  connective-tissue  bundles,  fail  to 
reveal  why  water  or  saline  does  not  disperse 
immediately  through  the  connective  tissue. 
That  there  is  a  tissue  fluid  between  the  con¬ 
nective-tissue  bundles  is  usually  assumed; 
but  it  is  necessary  to  go  further  and  jiostu- 
late  a  semigel  continuum  in  order  to  account 
for  this  water  binding.  Flemming  (85),  in 
1876,  brought  forward  evidence  for  a  ground 
substance  between  the  bundles  of  the  con¬ 
nective  tissue  of  skin  and  other  tissues  and 
for  a  cement  substance  holding  together  the 
com[)onent  libers  of  collagen.  He  observed 
that  acid  which  caused  fiber  swelling  also  in¬ 
duced  irregular  constrictions  along  the 
fibers,  suggesting  an  unyielding  effect  of  the 
cement  substance  which  was  evidently  pre¬ 
cipitated  by  acid;  there  was  a  Quellimgsan- 


tagonismns  between  the  fiber  and  its  cement, 
and  he  thought  that  the  latter  was  probably 
a  mucoid.  A  vivid  picture  of  the  ground  sub¬ 
stance  is  conjured  up  by  the  work  of  Hens¬ 
ley  (20).  She  produced  a  bleb  of  edema  in 
the  subcutaneous  tissue  of  the  rabbit  by  in¬ 
jecting  normal  saline  together  with  a  culture 
of  Paramecium  adapted  to  live  in  it.  The 
whole  e.xcised  tissue  was  watched  under  the 
microscope,  and  jiaramecia  were  seen  to 
swim  freely  until  halted  by  an  invisible  wall 
at  the  edges  of  the  saline  bleb,  where  they 
came  up  against  a  barrier  of  viscous  ground 
substance.  She  also  characterized  the 
ground  substance  of  connective  tissue  by  its 
different  refractive  index  at  the  edge  of  in¬ 
jected  saline  when  the  whole  specimen  was 
mounted  in  serum,  and  byits  metachromasia 
under  certain  specified  conditions  in  fixed 
specimens.  Partial  extractability  with  saline 
and  with  half-saturated  lime  water  suggest¬ 
ed  a  mucin-like  comjionent,  while  the  effect 
of  pancreatin  pointed  to  a  protein  moiety 
which  was  easily  digested,  while  connective- 
tissue  fibers  were  not.  Eaitsell  (9)  in  the 
course  of  microdissection  of  the  living  chick 
embryo  found  a  jelly-like  substance  between 
the  cells  at  an  early  stage  of  development 
and  suggested  that  such  a  milieu  is  necessary 
for  the  support  of  individual  cells  if  they  are 
to  migrate  away  from  original  foci  of  differ¬ 
entiation.  Clark  and  Clark  (43)  applied  to 
the  rabbit’s  ear  the  kind  of  transparent 
chamber  that  had  previously  been  used  for 
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microscopy  of  the  living  and  regenerating 
tissues  in  the  tails  of  Amphibia.  They 
noticed  that  there  were  no  spaces  between 
the  regenerating  connective-tissue  fibers  and 
between  the  capillaries  and  lymphatics  and 
that  ordinarily  there  was  no  Brownian 
movement  or  bobbing  of  cells  in  the  jelly- 
like  ground  substance;  but  if  there  was 
edema  or  exudation,  then  Brownian  move¬ 
ment  would  be  seen.  They  also  found  that,  in 
attempting,  by  micropipette,  to  inject  col¬ 
loid  material  such  as  India  ink  into  the 
ground  substance,  considerable  force  was  re¬ 
quired  but  that  if  the  pipette  was  slightly 
withdrawn,  the  ink  would  flow  easily  into 
the  “hole”  left  by  the  end  of  the  pipette  in 
the  gel.  McMaster  and  Parsons  (213)  inject¬ 
ed  vital  dye  into  the  tip  of  the  ear  of  the 
mouse  and  found  that  the  injection  would 
rupture  some  lymphatic  vessels  and  allow 
the  dye  to  ascend  intact  lymphatics,  where 
it  could  be  watched  through  a  transparent 
chamber.  After  a  few  minutes  tiny  filaments 
of  dye  would  project  out  from  the  walls  of 
the  lymphatics;  and  when  touched  with  a 
microprobe,  the  dye  would  move  and  then 
spring  back  into  place  without  being  dis¬ 
persed,  and  only  measurably  later  would 
touching  the  dye  filament  result  in  its  diffu¬ 
sion.  This  dispersion  would  be  more  rapid  if 
the  dye  were  irritating,  suggesting  that  the 
dye  would  move  away  only  when  “free 
fluid”  was  mobilized  in  the  ground  sub¬ 
stance. 

Day  (54)  was  able  to  show  that  the  deli¬ 
cate  subcutaneous  fascia  of  the  rat  had,  be¬ 
sides  connective-tissue  fibers,  an  essentially 
membranous  structure.  line  transparent 
films  of  fresh  tissue  were  mounted  in  saline 
or  distilled  water  under  a  cover  slip  and  ihen 
permeated  with  dilute  acid  and  examined 
under  high  power  with  dark-ground  illumi¬ 
nation.  At  pH  3.6-3.9  he  found  the  refractile 
connective-tissue  fibers  to  be  set  in  a  hazy 
plane  membrane,  which  itself  contained 
minute  fibrillae  and  had  an  amorphous 
opaque  background.  He  likened  the  appear¬ 
ance  to  that  of  “twigs  on  the  surface  of  a 
frozen  pond.”  This  congealing  of  the  inter- 
fibrillary  substance  was  jiermanent  and 


could  not  be  altered  with  dilute  alkali  or 
water,  and  the  behavior  within  a  narrow 
range  of  jiH  suggested  that  of  a  protein  at  its 
isoelectric  point.  That  protein  was  a  major 
constituent  of  this  membranous  substance 
was  also  suggested  by  its  rajiid  disintegra¬ 
tion  in  the  presence  of  trypsin.  Further 
study  of  similar  preparations  (55)  revealed 
reversible  swelling  of  the  ground  substance 
between  pH  4.2  and  11  and  under  varying 
conditions  of  salt  environment.  Thus  at 
pH  4.3  collagen  bundles  are  tightly  packed 
together,  crimped,  and  opaque,  and  individ¬ 
ual  fibrils  are  not  visible  under  the  dark- 
field  microscope.  W'ith  pH  near  11,  fiber 
bundles  gradually  become  swollen  and 
transparent,  and  individual  fibrils  in  the 
bundles,  while  remaining  themselves  unal¬ 
tered,  become  separated  and  easily  visible  by 
virtue  of  the  swelling  of  the  intervening 
ground  substance.  At  the  same  time,  a  shim¬ 
mering  movement  of  the  fibrils  is  seen;  this 
is  a  kind  of  Brownian  movement  apparent 
only  at  certain  states  of  hydration  of  the  tis¬ 
sue;  such  movement  is  no  longer  seen  if  the 
ground  substance  has  been  removed  with 
trypsin.  Beyond  the  range  of  pH  discussed, 
i.e.,  acid  to  4.2  and  alkaline  to  11.1,  the  col¬ 
lagen  fibrils  themselves  swell,  and  the  whole 
picture  is  obscured;  and,  of  course,  at  the 
more  acid  i)H,  irreversible  precipitation  of 
the  protein  of  the  ground  substance  has 
taken  place.  In  saline  a  similar  hydration  of 
the  ground  substance  occurs  and  is  revers¬ 
ible  within  the  range  2.0-0.125  M.  Hydra¬ 
tion  and  swelling  of  the  ground  substance 
take  place  progressively  with  increase  in 
sodium  chloride  concentration.  With  other 
neutral  salts  the  capacity  to  cause  swelling 
is  dependent  on  the  ionic  strength ;  and  for 
univalent  salts  of  the  same  sign  the  hydra¬ 
tion  power  can  be  arranged  according  to  the 
lyotroj)ic  series.  Day  describes  the  ground 
substance  as  a  hydroi)hilic  colloid  with  non- 
aqueous  continuum;  its  linkages  are  broken 
down  by  tryi)sin;  and  it  behaves  like  a  pro¬ 
tein  with  isoelectric  jwint  between  pH  4.2 
and  3.8.  In  the  living  animal  it  is  suggested 
that  neutral  salt  is  important  in  governing 
the  state  of  hydration  of  the  ground  sub- 
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stance.  There  is  much  evidence  to  suggest  a 
polysaccharide  component  in  the  ground 
substance  of  connective  tissues,  and  its  role 
in  tissue  permeability  is  illustrated  by  fur¬ 
ther  e.xperiments  (56).  A  fine  membrane  of 
mouse  subcutaneous  fascia  is  attached  to  the 
end  of  a  glass  tube  in  a  beaker  of  saline,  and 
the  rate  of  flow  of  saline  through  it  is  meas¬ 
ured  at  a  small  constant  hydrostatic  j)res- 
sure.  Addition  of  hyaluronidase  to  the  per¬ 
fusate  increases  the  rate  of  flow,  but  this  ef¬ 
fect  can  be  reversed  by  permeation  into  the 
membrane  of  large-molecule  solutions,  such 
as  dextran,  starch,  or  agar,  after  which 
saline  will  run  through  at  the  original  rate. 
Permeation  with  trypsin  leads  to  permanent 
structural  damage  to  the  ground  substance 
and  to  uncontrolled  flow  of  perfusing  fluid. 

The  reversible  changes  with  weak  acid 
and  alkali  seen  in  fine  subcutaneous  fascia 
are  not  demonstrable  with  preparations  of 
rat-tail  tendon;  for  here  90  per  cent  of  the 
dry  weight  is  collagen  and  there  is  very  little 
ground  substance.  In  the  teased  connective 
tissue  of  dermis,  reversible  swelling  of  the 
ground  substance  between  the  fibers  may  be 
seen  under  the  dark-field  microscope  in  the 
pH  range  described  by  Day.  Permeation  of 
saline  through  the  connective  tissue  of  skin 
is  very  much  slower  than  through  the  loose 
subcutaneous  tissue  used  by  Day;  but  it  has 
been  possible  (147)  to  prepare  slices  of  hu¬ 
man  corium  fine  enough  to  allow  perfusion 
but  thick  enough  to  avoid  the  sievelike  ef¬ 
fect  of  follicle  openings.  Mounted  between  a 
ground-glass  cup  junction  in  a  vertical  glass 
tube,  this  preparation  showed  acceleration 
of  saline  flow  with  the  addition  of  hyaluroni¬ 
dase  and  restoration  of  slower  flow  after  per¬ 
fusion  with  starch,  which,  in  turn,  could  be 
reversed  wjth  diastase.  Thus  Day’s  concep¬ 
tion  of  the  ground  substance  (56)  of  loose 
connective  tissue  may  be  applicable  to  a 
denser  connective  tissue,  such  as  dermis.  He 
considers  the  interfibrillary  ground  sub¬ 
stance  of  connective  tissue  to  have  an  organ¬ 
ized  network  of  protein  macromolecules, 
with  the  interstices  of  this  network  filled  in 
with  aggregates  of  molecules  of  hyaluronic 
acid. 


Ground  Substance 

B.  CONSTITUENTS  OF  GROUND 
SUBSTANCE 

So  far  we  have  visualized  the  ground  sub¬ 
stance  of  the  connective  tissue  as  semigel/ 
semisol,  filling  in  the  spaces  between  the 
cells  and  fibers  and  vasculature  and  as  a. 
cement  between  microfibrils  in  the  bundles. 
In  some  connective  tissues  the  protein  struc¬ 
ture  of  the  ground  substance  is  demon¬ 
strable,  and  the  mucopolysaccharide  compo¬ 
nent  is  probably  important  in  water  binding 
and  will  receive  more  detailed  consideration. 
The  fluid  phase  of  the  ground  substance  is 
nonetheless  an  essential  component  and 
may  be  regarded  as  basically  a  transudate  of 
plasma  carrying  metabolic  exchange  prod¬ 
ucts  between  parenchyma  and  capillaries. 
Dorfman  (64)  suggests  the  following  con¬ 
stituents  for  ground  substance: 

1.  Substances  derived  from  the  blood  stream 
o)  Water 

h)  Inorganic  ions 

c)  Glucose,  etc. 

d)  Blood  proteins 

c)  Other  unknown  constituents 

2.  Metabolic  products  of  parenchymal  cells 

3.  Metabolic  products  of  connective  tissue 

a)  Fibrous  structures  (imbedded  in  the 
ground  substance) 

(1)  Collagen 

(2)  Elastin 

(3)  Rcticulin  (?) 

b)  Mucopolysaccharides 

(1)  Chondroitin  sulfuric  acid 

(2)  Hyaluronic  acid 

(3)  Mucopolysaccharide  protein  com¬ 
plexes 

(4)  Others  (?) 

c)  Soluble  proteins 

(1)  Proco Hagen 

(2)  Others  (?) 

W  Idle  most  of  this  review  concerns  the 
more  palpable  components  of  ground  sub¬ 
stance,  it  must  again  be  emifliasized  that  the 
physicochemical  and  staining  properties  of 
these  gel-like  substances  are  dependent  upon 
their  fluid  and  electrolyte  environment. 
While,  normally,  free  fluid  is  not  discernible^ 
much  water  is  bound  in  the  ground  sub¬ 
stance,  and  electrolytes  move  through 
“bound”  water. 
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II.  tup:  muc()P()lys.\c'charii)ks  of  the  skin 


A.  SOME  NATURALLY  OCCURRING 
MUCOPOLYSACCHARIDES 

Alucopolysaccharides  of  great  biological 
importance  are  found  as  essential  compo¬ 
nents  of  skeletal  and  other  connective  tis¬ 
sues  in  mammals,  and  they  are  commonly 
found  in  the  slimes  and  gums  produced  by 
various  bacteria  and  in  bacterial  capsular 
material,  where  their  importance  in  immu¬ 
nology  (126)  is  considerable.  Our  knowledge 
of  the  chemistry  of  these  substances  is  limit¬ 
ed,  and  any  attempt  at  classification  would 
be  based  either  on  their  occurrence  in  nature 
or  on  the  products  of  hydrolysis,  in  so  far  as 
these  can  be  identified  chemically.  The  es¬ 
sential  components  of  the  mucopolysac¬ 
charides  of  skin  are  hexosamine  and  hex- 
uronic  acid,  derivatives  of  either  glucose  or 
galactose. 

The  term  “mucin”  is  used,  on  the  one 
hand,  to  describe  the  naturally  occurring 
slimes  and  secretions  such  as  the  mucus  from 
the  goblet  cells  of  the  gastrointestinal  tract, 
while,  on  the  other  hand,  it  is  used  to  denote 
the  ropy  precipitate  which  forms  when 
mucopolysaccharide  and  protein  in  solution 
are  acidified.  The  term  “mucoid”  is  even 
less  specific,  and  one  would  prefer  not  to  use 
it,  but  it  is  often  employed  as  a  general  term 
for  the  naturally  occurring  mucoj^olysac- 
charides  that  are  found  in  association  with 
protein.  They  contain  amino  sugars  and  or 
aldonic  acids.  An  illustrative  classification 
of  these  substances  is  suggested  by  K. 
Meyer  (178): 

1.  Mucopolysaccharides  (prolcin-free),  con¬ 
taining  amino  sugar 

a)  Neutral,  containing  no  acid  groups  (e.g., 

chit  in,  composed  of  acetylglucosamine 

only) 

b)  Acid  .  . 

(1)  Simple:  acid  component,  uronic  acid 
(e.g.,  hyaluronic  acid,  composed  of 
acetylglucosamine  and  glucuronic 

acid)  .  . 

(2)  Complex:  acid  component  uronic  acid 
and  sulfuric  acid  or  phosphoric  acid 
(e.g.,  corneal  mucoid,  hog  gastric 


mucin,  heparin,  all  composed  of  glu¬ 
cosamine  or  acetylglucosamine,  some 
uronic  acid  and  sulfuric  acid;  chon- 
droitin  sulfuric  acid,  composed  of 
acetylgalactosamine,  glucuronic  acid, 
and  sulfuric  acid;  certain  bacterial 
acid  polysaccharides  containing  phos¬ 
phoric  acid) 

2.  Mucoproteins  and  glycoproteins.  These  have 
a  relatively  small  amount  of  polysaccharide 
firmly  bound  to  protein.  In  this  group  are  the 
serum  proteins,  ovomucoids,  etc. 

It  may  be  noted  that  many  substances 
usually  regarded  as  protein  may  yet  contain 
small  amounts  of  carbohydrate.  For  ex¬ 
ample,  highly  purified  collagen,  reprecipi¬ 
tated  from  citric  acid  solution,  was  found  to 
contain  about  1  per  cent  of  hexosamine 
(109);  and  elastin,  after  purification  and 
even  after  reprecipitation  following  solu¬ 
bilization  by  elastase  (114),  still  has  an  im¬ 
portant  carbohydrate  moiety. 

Glucosamine  is  a  stable  amino  sugar  de¬ 
rived  from  glucose  by  replacement  of  a  sec¬ 
ondary  hydroxyl  (in  the  2-carbon  position) 
by  an  amino  group.  2-Desoxy-2-amino-glu- 
cose  is  the  structure  of  the  naturally  occur¬ 
ring  glucosamine  or  chitosamine  obtained  on 
hydrolysis  of  certain  insect,  fungal,  and 
crustacean  polysaccharides,  as  well  as  many 
mammalian  mucins.  In  connective  tissues, 
2-desoxy-2-amino-galactose  is  present  as  a 
constituent  of  chondrosamine  (230).  The 
hexosamine  is  often  acetylated  through  the 
amino  group: 

IICOH 

IICNHCOCH3 

I 

nocH  ^ 

I  u 

IICOH 

I 

IK'- - - - 

CII2OH 

N-acelyl  (/-glucosamine 

Glucosamine  reduces  alkaline  cojiper  sul¬ 
fate.  After  acetylation  it  gives  a  characteris- 
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lie  color  reaction  with  Ehrlich’s  /)-dimethyl- 
aminohenzaldehyde. 

Glucuronic  acid  is  an  important  comj)o- 
nent  of  many  natural  polysaccharides.  Tt 
owes  its  name  to  its  original  identification  in 
urine,  and  it  may  be  noted  that  many  toxins 
are  excreted  from  the  body  as  uronides. 
Glucuronic  acid  is  a  monobasic  acid  derived 
from  glucose,  with  an  aldehyde  (or  hemi- 
acetyl)  group  remaining  at  the  ojitiosite  end 
of  the  straight  carbon  chain  from  the 
carboxyl  grou[): 

I 

IIOC'II 

I 

neon 

I 

HOGII 

I 

I  ICO  1 1  o 

I  1 

IIG-  1 

I 

coon 

(/-Glucuronic  acid 

The  hexuronic  acids  do  not  usually  reduce 
alkaline  cojiper  sulfate.  The  naphthoresorci- 
nol  test  of  Tollens  is  used  in  the  detection  of 
glucuronic  acid. 

The  imjiortant  linkages  between  the 
hexose  derivatives  in  hyaluronic  acid  and  in 
chondroitin  sulfuric  acid  are  glucosidic  link¬ 
ages,  but  the  exact  position  of  the  linkages 
has  not  been  decided,  and  the  chemical 
structure  of  these  muco])olysaccharides  has 
not  been  established  (190). 

A  mucoid  substance  has  long  been  known 
to  exist  in  the  skin,  and  Van  Tier  in  1909 
(289)  extracted  “corio-mucoid”  from  skin, 
using  half-saturated  lime  water,  from  which 
the  viscid  stringy  mucin  was  precijiitated  by 
acetic  acid.  While  this  mucin  contained  pro¬ 
tein,  it  seemed  to  owe  its  viscosity  to  a  com¬ 
plex  carbohydrate,  which,  on  hydrolysis, 
yielded  some  reducing  sugar  and  a  sulfuric 
acid  ester  similar  to  the  “glucothionic  acid” 
described  by  Levene  (157).  In  recent  years 
Karl  Meyer  has  jiioneered  in  the  work 

on^  connective-tissue  mucopolysaccharides 
(1  (9). 

Recent  developments  in  the  identification 
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of  the  connective-tissue  mucins  date  from 
1934,  when  Meyer  and  Palmer  (187)  isolated 
a  polysaccharide  from  bovine  viteous  hu¬ 
mor.  This  ajiiieared  to  be  a  high-molecular- 
weight  jiolymer  of  a  disaccharide,  consisting 
of  equimolecular  N-acetylglucosamine  and 
glucuronic  acid;  and,  because  of  its  origin, 
they  called  it  “hyaluronic  acid.”  The  same 
mucopolysaccharide  W'as  later  isolated  from 
human  umbilical  cord  (188),  from  synovial 
fluid  (191),  and  from  group  A  and  C  hemo¬ 
lytic  streptococci  (144).  Hyaluronic  acid  was 
also  identified  in  rabbit  skin  (42),  in  pig  skin 
(184),  in  calf  skin  (189),  and  in  human  skin 
(226). 

The  acid  mucopolysaccharides  occur 
widely  in  connective  tissues  as  chondroitin 
sulfates;  and  Meyer  and  Rapport  (189)  have 
described  those  that  occur  in  cartilage,  um¬ 
bilical  cord,  and  skin.  Treatment  of  skin 
wdth  mild  alkali,  such  as  half-saturated  lime 
water,  while  extracting  the  hyaluronic  acid 
does  not  extract  the  chondroitin  sulfuric 
acid.  Meyer  uses  0.33-0.5  per  cent  NaOH  at 
0°  C.  as  the  primary  step  in  the  removal  of 
mucopolysaccharides  from  skin;  this  treat¬ 
ment  will  split  the  chondroitin  sulfuric  acid 
from  its  combination  with  protein  without 
damaging  the  connective-tissue  fibers.  After 
extraction,  glycogen  must  be  removed  by 
hydrolysis  with  amylase.  Further  steps  in 
jDrecipitation  and  purification  of  hyaluronic 
acid  and  chondroitin  sulfuric  acied  are  de¬ 
scribed  by  Meyer  and  Rapport  (189).  Meyer 
and  Chaffee  (184)  took  2.28  kg.  of  fresh- 
dissected  hog  skin,  which  they  extracted 
with  alkali,  and  the  yield  of  total  mucopoly¬ 
saccharide  was  1.85  gm.;  and,  of  this,  the 
sulfate-containing  fraction  (chondroitin  sul¬ 
furic  acid)  was  1.08  gm.  Pearce  and  Watson 
(226)  used  a  similar  method  for  extraction  of 
the  ground  substance  of  human  skin  which 
was  dissected  off  eleven  ami)utated  legs  and 
pooled.  From  this  material  they  {provided 
the  figures  for  normal  human  skin  given  in 
Table  1  (p.  424).  The  analysis  here  for 
chondroitin  sulfate  was  incomplete,  but 
those  authors  have  found  chondroitin  sulfate 
apd  hyaluronic  acid  to  be  present  in  human 
skin  in  approximately  equal  amounts 
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B.  HYALURONIC  ACID 

Analysis  of  two  samples  of  hyaluronic 
acid  extracted  from  pig  skin  by  Meyer  and 
Chaffee  (184)  provided  the  data  given  in 
Table  2;  and,  expressed  as  equivalents  per 
equivalent  weight,  these  amounts  approxi¬ 
mate  unity. 

Roseman  et  at.  (257)  have  been  able  to 
prepare  a  highly  purified  hyaluronic  acid 


T.ABLE  1 


Water 

(Per 

Cent) 

Ash 

(Per  Cent) 

Hyaluronic 

Acid 

(Mg.  Per  Cent) 

Chondroitin 

Sulfate 

(Mg.  Per  Cent) 

61 

0. 7+0.3 

24.5  +  5.7 

26.2  +  4.7 

T.\BLE  2 


Nitrogen 

Hexosamine 

Uronic  Acid 

Acetyl 

(Per  Cent) 

(Pei  Cent) 

(Per  Cent) 

(Per  Cent) 

2.99 

39.7 

41.9 

13. 1 

2.78 

37.2 

42.0 

9.5 

TABLE  3 

Nitrogen . 

Uronic  acid . 

Carbon . 

Hydrogen . 

N-acetyl . 

Specific  optical  rotation 

Ash . 

Glycogen . 

from  strejitococcal  biosynthesis.  Their  anal¬ 
ysis  of  hyaluronic  acid  (dried  or  corrected  for 
moisture)  is  given  in  Table  3.  This  result 
corresponds  closely  to  theoretical  figures 

based  on  (Ci4H2iOiiN);t. 

It  is  of  interest  that  purified  hyaluronic 
acid  is  extremely  hygroscopic;  it  is  almost 
impossible  to  weigh  directly  such  a  speci¬ 
men.  It  is  possible  that  hyaluronic  acid  from 
different  sources  may  show  differences  in 
composition,  as  instanced  by  rather  wide 
discrepancies  in  glucuronic  acid  values. 
Stacey  (271)  gave  the  approximate  values 


for  hyaluronic  acid  from  various  sources  as 
shown  in  Table  4. 

From  data  on  viscosity  and  streaming 
birefringence  of  flow,  Elix  and  Snellman  (24) 
estimated  a  mean  particle  length  for  purified 
neutral  hyaluronate  of  between  4,700  and 
10,000  A.  The  highly  asymmetric  chain  is 
thought  to  be  unbranched.  Hyaluronic  acid 
is  polydisperse  in  nature,  and  its  particle 
size  and  weight  depend  upon  the  source  and 
method  of  extraction,  but  a  suggested 
molecular  weight  was  between  200,000  and 
500,000,  assuming  a  disaccharide  length  of 
10  A.  That  the  particles  are  long  is  suggested 
by  the  great  viscosity  of  watery  solutions 
and  by  the  fact  that  hyaluronic  acid  can  be 

TABLE  4 


Nitrogen .  3-3.5% 

ff-Glucosamine .  30-40% 

(/-Glucuronic  acid .  40-50% 

Acetyl .  8-12% 


Specific  optical  rotation  —60°  to  —  70°  in  water 

spun  into  “fibers”  of  considerable  tensile 
strength  (179).  Hyaluronic  acid  has  no 
X-ray  diffraction  pattern  and  no  crystalline 
structure.  Purified  hyaluronic  acid  is  not  an¬ 
tigenic  (144),  and  hyaluronic  acid  chemical¬ 
ly  linked  to  protein  through  azobenzyl  ether 
linkages  does  not  act  as  a  specific  antigen 
when  injected  into  rabbits  (133). 

C.  CHONDROITIN  SULFATE 

Chondroitin  sulfuric  acid  has  been  found 
in  a  wide  variety  of  connective  and  skeletal 
tissues.  Being  firmly  bound  to  protein,  it  is 
difficult  to  extract  without  markedly  alter¬ 
ing  its  physical  and  chemical  properties,  and 
substances  of  different  molecular  weights 
are  obtained  with  different  methods  of  ex¬ 
traction  and  purification.  Chondroitin  sul¬ 
furic  acid,  on  hydrolysis,  yields  sulfuric  acid, 
acetic  acid,  (/-glucuronic  acid,  and  chon- 
drosamine  (2-desoxy-2-amino-(/-galactose), 
combined  in  equimolecular  proportions. 
From  measurements  of  streaming  birefrin¬ 
gence  Elix  and  Snellman  (24)  estimated  that 
the  mean  particle  length  was  about  4,700  A, 
with  a  molecular  weight  of  the  order  of 


3.72% 

10.31% 

44.37% 

5.93% 

11.74% 

-67° 

Nil 

Nil 
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260,000.  p:xtraction  with  calcium  chloride 
and  precipitation  with  hexamino  cobaltic 
chloride  yielded  a  chondroitin  sulfate  of 
high  purity,  which  Mathews  and  Dorfman 
(1 72)  used  for  the  study  of  its  physicochemi¬ 
cal  properties.  This  material  gave  a  molecu¬ 
lar  weight  of  43,300.  The  chemical  analysis 
of  this  relatively  pure  chondroitin  sulfate  is 
showm  in  Table  5. 

Meyer  and  Chaffee  (184)  extracted  chon¬ 
droitin  sulfate  from  hog  skin,  and  their 
chemical  analysis  gave  figures  for  galactos- 
amine,  uronic  acid,  acetyl,  sulfur,  and  nitro¬ 
gen  corresponding  with  those  for  chondroi¬ 
tin  sulfate  from  cartilage.  Meyer  and  Rap¬ 
port  (189)  have  found  that  chondroitin 
sulfates  from  different  tissues  differ  in  spe¬ 
cific  optical  rotation,  solubility,  and  resist- 
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in  vitro  combination  betw^een  chondroitin 
sulfate  and  collagen,  with  sulfate  as  the 
anion,  has  been  demonstrated  (78);  but  this 
kind  of  salt  formation  occurs  only  at  the  iso¬ 
electric  point  of  ground  substance  and  will 
not  occur  in  the  physiological  range  of  pH. 
Bychkov  (35)  discusses  the  combination  of 
“procollagen”  with  chondroitin  sulfuric 
acid,  but  this  also  would  be  unphysiological 
at  pH  4.1.  Chondroitin  sulfate  is  very  much 
less  viscous  than  hyaluronic  acid  and  is 
thought  not  to  play  any  significant  part  in 
water  binding.  The  highly  charged  anionic 
groups  of  chondroitin  sulfuric  acid  probably 
play  an  important  part  in  the  binding  or 
transfer  of  electrolytes,  or,  as  Meyer  and 
Rapport  suggest  (189),  it  may  function  as  a 
cation  exchange  resin. 


TABLE  5 


Loss  on 
Drying 
(Per  Cent) 

Nitrogen 
(Per  Cent) 

N-acetyl 
(Per  Cent) 

Sulfur 
as  SO4 
(Per  Cent) 

Ash  as 
Na2S04 
(Per  Cent) 

— COONa 
(mEq/ 
Gm) 

Fraction 
of  Theory 

6.7 

2.9 

7.4 

6.1 

25.7 

2.0 

0.936 

ance  to  enzyme  hydrolysis.  Chondroitin 
sulfate  “B”  from  calf  skin  and  pig  skin  was 
found  to  be  distinct  from  chondroitin  sul¬ 
fate  “A”  of  hyaline  cartilage  and  from  chon¬ 
droitin  sulfate  “C”  of  umbilical  cord  and 
tendon.  Chondroitin  sulfate  “B”  of  skin  has 
a  specific  optical  rotation  of  —  50°  and  is  re¬ 
sistant  to  both  testicular  and  pneumococcal 
hyaluronidase.  It  is  precipitated  from  solu¬ 
tion  in  calcium  acetate  at  an  ethanol  con¬ 
centration  of  20  per  cent  by  volume. 

Attempts  at  purification,  while  necessary 
in  themselves,  may  detract  from  the  impor¬ 
tance  of  considering  the  native  state  of  chon¬ 
droitin  sulfate,  which  is  evidently  firmly 
bound  to  protein,  and  its  physical  properties 
would  depend  upon  its  ionic  environment 
(172).  Meyer  (182)  suggests  that  the  chon¬ 
droitin  sulfurjc  acid-protein  complex  con¬ 
tains  about  35-40  per  cent  of  carbohydrate. 
The  protein  is  distinct  from  collagen  and  is 
easily  digested  by  trypsin,  with  a  relatively 
high  yield  of  tyrosine  and  tryptophane.  An 


D.  THE  RELATIONSHIP  BETWEEN  MUCOPOLY- 
SACCH.A.RIDES  AND  PROTEINS  OF 
GROUND  SUBSTANCE 

While  it  is  clear  that  chondroitin  sulfuric 
acid  in  the  skin  is  firmly  bound  to  nonfibrous 
protein,  we  have  to  consider  the  relation  of 
hyaluronic  acid  to  the  protein  of  ground 
substance.  All  workers  are  agreed  that  the 
extraction  of  hyaluronic  acid  from  skin  with 
alkali  degrades  the  hyaluronic  acid  and  pro¬ 
vides  no  information  about  its  relation  to 
protein.  \\  e  have  then  to  turn  to  synovial 
fluid,  where  hyaluronic  acid  can  be  ob¬ 
tained  with  less  degradation. 

Ropes  et  al.  (254)  were  able  to  compare 
native  synovial  fluid  with  fluid  that  had 
been  treated  with  trypsin  to  destroy  the  pro¬ 
tein  and  liberate  the  hyaluronic  acid.  They 
found  no  difference  between  the  viscosity  of 
the  joint  fluid  before  and  after  proteolysis 
and  ascribed  the  viscosity  entirely  to  hy¬ 
aluronic  acid.  Further  addition  of  protein 
made  no  change  in  the  viscosity.  They  found 
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a  constant  relation  between  the  log  of  the 
viscosity  and  the  square  root  of  the  j)oly- 
saccharide  concentration.  Synovial  mucin 
(the  protein-muco{)olysaccharide  complex) 
is  base-binding  and  binds  calcium  ten  times 
more  strongly  than  does  serum  protein.  It 
has  an  appreciable  osmotic  effect:  osmotic 
effect  of  serum,  365  mm.  water ;  osmotic  effect 
of  synovial  mucin,  150  mm.  water.  If  this 
were  on  the  basis  of  protein  content,  the 
osmotic  pressure  of  the  mucin  would  be  57 


in  an  electrical  field  has  a  fast-moving  jioly- 
saccharide  comjionent  which  is  separate 
from  the  two  slower-moving  albumen  and 
globulin  components.  However,  some  char¬ 
acteristics  of  the  mucin  still  suggest  a  link 
with  protein;  for  the  polysaccharide  and 
protein  move  as  one  comfilex  in  viscosity 
and  in  precipitation  and  filtration  experi¬ 
ments.  All  these  experiments  depend  upon 
j)H  and  salt  concentration,  and  there  is  no 
doubt  that  dissociation  of  hyaluronic  acid 


Pjq  1 — Electron  microscopic  picture  of  untreated  loose  subcutaneous  fascia  from  the  rat,  showing  colla¬ 
gen  fibrils  (with  cross-striations  just  visible)  set  in  an  amorphous  matrix  of  ground  substance.  The  electron 
micrographs  were  suiiplied  through  the  kindness  of  Dr.  T.  D.  Day  and  Dr.  G.  Eaves,  of  the  University 

of  Leeds. 


mm.  water;  hence,  as  the  hyaluronic  acid  is 
the  only  other  known  colloidal  substance 
here,  its  osmotic  effect  per  gram  ajtpears  to 
be  about  ten  times  that  of  albumen. 

Meyer  (183)  considers  that  hyaluronic 
acid  forms  reversible  polar  complexes  with 
protein  but  is  not  chemically  bound  to  it. 
The  sort  of  mucin  comjtlexes  produced  on 
the  addition  of  acetic  acid  are  artefacts  and 
do  not  occur  in  nature;  in  fact,  at  the  j)H  of 
the  tissues,  hyaluronic  acid  may  be  free  of 
protein.  This  conception  is  supported  by  the 
electroi)horetic  studies  of  Blix  (23)  and^of 
Rojjes  et  at.  (254).  Synovial  fluid  at  pH  7.6 


from  i)rotein  occurs  easily.  However,  (4gston 
and  Stanier  (218)  used  ultrafiltration  as  a 
method  of  isolating  the  hyaluronic  acid- 
})rotein  complex  from  the  joint  fluid  of 
cattle.  They  obtained  material  with  higher 
viscosity  than  had  been  obtained  by  any 
other  means  of  extraction,  and  the  viscosity 
was  i)ractically  the  same  as  that  of  unde¬ 
graded  joint  fluid.  They  found  that  the  frac¬ 
tion  containing  the  hyaluronate  was  all 
within  a  shar})ly  defined  filtration  separation 
and  that  all  such  samples  contained  i)rotein. 
Any  attempt  to  sei)arate  the  protein  caused 
degradation  of  the  hyaluronic  acid,  as 
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judged  by  viscosity  and  ultracentrifugalion. 
The  undegraded  hyaluronic  acid-protein 
complex  consistently  contained  7  per  cent  of 
nitrogen,  of  which  5  per  cent  was  glucos¬ 
amine  and  2  |)er  cent  was  jjrotein.  Protein 
then  constituted  at  least  30  per  cent  of  this 
mucin  complex. 

Hyaluronic  acid  has  no  regular  fiber 
structure  under  the  electron  microscope. 
Gross  (106)  obtained  highly  purified  speci¬ 
mens  of  hyaluronate  (umbilical  cord)  from 


dration  at  pH  10  in  order  to  allow  manipula¬ 
tion  as  a  membrane,  after  which  it  was 
drawn  over  the  grid  and  dried  for  electron 
microscopy.  Fine  collagen  fibrils  traverse  the 
])icture,  and  their  cross-striations  are  partly 
obscured  by  the  amorphous  ground  sub¬ 
stance,  which  in  places  has  torn  into  holes 
on  drying.  Adequate  treatment  with  hyal- 
uronidase  does  not  remove  the  amorphous 
material  (Fig.  2);  but  trypsin  removes  some 
of  it  (Fig.  3).  In  electron  microscopic  study 


Fig.  2.  The  material  is  from  the  same  source  as  Fig.  1.  The  fascia  was  treated  with  hj'aluronidase.  Much 
ground  substance  remains  unaffected  and  is  seen  enveloping  the  collagen  fibrils. 


three  different  laboratories  and  examined 
them  under  the  electron  microscope.  There 
was  unhomogeneous  drying  of  the  muco¬ 
polysaccharide  on  the  film,  giving  some 
membranous  appearance,  some  globular 
figures,  and  anastomosing  branched  fibrous 
chains;  all  these  were  thought  to  be  drying 
artefacts,  depending  upon  the  polysaccha¬ 
ride  particle  length  and  degree  of  depoly¬ 
merization.  There  was  no  cross-striation  or 
regular  fiber  formation. 

Native  ground  substance  ajipears  amor¬ 
phous  under  the  electron  microscoiie.  Figure 
1  shows  a  j)iece  of  subcutaneous  fascia  from 
the  mouse,  which  was  jirejiared  by  brief  hy- 


of  skin  collagen  the  amorjihous  ground  sub¬ 
stance  usually  needs  to  be  removed  by  diges¬ 
tion  with  trypsin  or  by  manipulation. 

Little  is  known  of  the  chemical  synthesis 
of  the  mucopolysaccharides.  IMosbach  and 
King  (198)  fed  C^^-labeled  glucose  to  guinea 
pigs  and  found  that  the  carbon  chain  of 
glucose  is  directly  available  for  conversion 
into  gducuronic  acid.  If,  however,  C^Mabeled 
CO.,  is  fed  to  animals,  it  appears  first  to  be 
converted  into  glucose  or  glycogen  in  the 
liv'er  before  conversion  to  glucuronic  acid. 

Dorfman  and  his  associates  (257)  have 
nurtured  a  strain  of  grouj)  A  hemolytic  strep¬ 
tococcus  which  gives  a  good  yield  of  hyal- 
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uronic  acid  when  cultured  on  a  semisynthet- 
tic  medium,  in  which  was  incorporated  glu¬ 
cose  labeled  with  a  radioactive  carbon.  It 
was  found  that  glucose  was  the  main  source 
of  carbon  for  hyaluronic  acid  and  the  1 -car¬ 
bon  labeling  was  recognizable  in  the  glu- 


medium;  here,  too,  the  glucuronic  acid  ap¬ 
pears  to  be  a  direct  derivative  of  glucose, 
without  rearrangement  of  its  carbon  chain.’ 

Nothing  is  known  of  the  mechanism  of 
polymerization  of  the  mucopolysaccharide 
complexes,  and  there  is  no  evidence  that 


Fig.  3. — The  material  is  from  the  same  source  as  Fig.  1.  Fascial  loose  connective  tissue  was  fragmented 
and  treated  with  try[)sin.  Some  amorjihous  ground  substance  still  clings  to  the  collagen  fibrils. 


cosamine  on  hydrolysis,  suggesting  a  direct 
conversion  of  glucose  to  glucosamine  with¬ 
out  breaking  the  carbon  chain.  They  also 
studied  (255)  the  glucuronic  acid  derived 
from  hyaluronic  acid  hydrolysis,  after  in¬ 
clusion  of  6-C^^-labeled  glucose  in  the  culture 


hyaluronidase  plays  any  part  in  synthesis 
(180).  There  may,  however,  be  enzymatic 
control  of  polymerization,  as  this  has  been 
observed  in  other  biological  systems  to  take 
place  even  extracellularly  (124),  either  by 
addition  or  by  condensation. 


III.  HY.\LUR()NII).\SES 


A.  THE  DISCOVERY  OF  HYALURONIDASE 

Duran-Reynals  (68),  in  studying  the 
neutralizing  effect  of  immune  tissues  upon 
vaccinia  virus  in  animals,  discovered  that 
extract  of  normal  testis  greatly  enhanced  the 
virus  infection.  There  w'as  no  actual  increase 
in  virulence  of  the  infecting  organism,  and 
he  concluded  that  there  was  some  effect  on 
the  host  cells  that  rendered  them  susceptible 
to  infection.  Extracts  of  other  normal  tis¬ 
sues,  such  as  kidney,  show'ed  only  a  very 
slight  enhancing  effect  on  vaccinia,  while 


spleen  extract  slightly  diminished  the 
infection. 

In  order  to  increase  the  infectivity  of  vac¬ 
cinia  during  animal  passage,  McClean  (200) 
used  an  extract  of  normal  testis  and  got 
results  such  as  Duran-Reynals  had  de¬ 
scribed.  In  addition,  however,  IVIcClean 
noticed  that  at  the  site  of  injection  of  tes¬ 
ticular  extract  into  the  skin  the  w'heal  would 
disappear  within  vSO-60  seconds,  whereas  in 
the  control  injection  the  w'heal  w'ould  persist 
for  at  least  30  minutes.  He  also  noticed  that 
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when  testis  extract  together  with  vaccinia 
was  scarified  into  the  epidermis,  there  w'as 
no  enhancement  of  the  virus  infection.  He 
deduced  that  testicular  extract  increased  the 
permeability  of  the  dermis  and  in  this  man¬ 
ner  favored  the  virus,  bringing  it  into  con¬ 
tact  with  more  parenchymatous  cells.  To 
bring  out  this  point,  he  injected  India  ink 
suspended  in  saline  into  the  dermis  and 
showed  that  previous  injection  of  testicular 
extract,  even  as  long  as  24  hours  before, 
would  greatly  increase  the  spread  of  the  In¬ 
dia  ink  particles.  Spreading  factors  were  dis¬ 
covered  in  many  bacteria  (70,  201,  249,  186, 
185),  in  malignant  tumors  (69,  30,  266),  in 
snake  and  spider  venoms  (71,  42),  in  leeches 
(46,  47),  in  animal  tissues  other  than  testis 
(185),  and  in  the  cercaria  larvae  of  Schislo- 
soma  (159). 

The  mechanism  of  spreading  remained 
unknown  until  Chain  and  Duthie  (41)  dem¬ 
onstrated  the  mucolytic  activity  of  purified 
testicular  diffusing  factor,  using,  as  sub¬ 
strate,  synovial  fluid  or  vitreous  humor. 
There  resulted  a  rapid  fall  in  the  viscosity  of 
the  mucinous  fluid,  together  with  evidence 
of  hydrolysis,  in  the  production  of  reducing 
sugar,  and  in  the  identification  of  glucosa¬ 
mine.  Heat  inhibited  this  mucolytic  effect. 
They  suggested  that  the  action  of  some 
spreading  factors  in  the  skin  could  be  that 
of  an  enzyme  breaking  down  the  interfibril- 
lary  mucinous  substance.  The  fact  that  this 
enzyme  hydrolyzed  the  hyaluronic  acid  ex¬ 
tracts  described  by  Meyer  led  Chain  and 
Duthie  to  identify  it  with  the  “hyaluroni- 
dases”  of  bacterial  origin  (186).  Robertson 
et  al.  (249)  obtained  a  mucinase  from  Clos- 
tridium  welchii  cultures  which  was  also 
capable  of  hydrolyzing  synovial  hyaluronic 
acid. 

Chain  and  Duthie  extracted  hyaluronic 
acid  from  the  rabbit  skin  and  showed  that  it 
was  rendered  less  viscous  by  testicular  hy- 
aluronidase  and  that  glucosamine  was  lib¬ 
erated;  and  the  mucin  from  the  sex  skin  of 
monkeys  responded  to  hyaluronidase  by 
rapid  loss  of  viscosity.  There  was,  however, 
no  effect  upon  epithelial  mucin  (42).  They 
were  careful  to  distinguish  from  the  rai)id 
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hyaluronidase  effect  a  slow  spreading  effect 
in  vivo,  where  caj)illary  exudate  seemed  to 
be  an  additional  important  factor;  this  was 
produced  by  a  separate  component  of  some 
bacterial  filtrates,  venoms,  proteolytic  en¬ 
zymes,  polypeptides,  etc. 

While  there  is  no  doubt  as  to  the  experi¬ 
mental  effect  of  hyaluronidase  on  skin,  there 
is  no  agreement  as  to  whether  it  is  ever  to 
be  found  in  skin.  Hyaluronidase  has  been 
demonstrated  in  organs  other  than  the  testis 
(48);  and  Meyer  and  his  co-workers  (185) 
found  appreciable  amounts  in  autolyzed 
rabbit  skin,  but  none  in  fresh  skin.  Meyer 
(179)  thought  that  the  failure  to  demon¬ 
strate  hyaluronidase  in  fresh  skin  might  be 
due  to  the  presence  of  inhibitors.  R.  L. 
Mayer  (176)  claims  to  have  found  large 
amounts  of  hyaluronidase  in  normal  guinea- 
pig  skin,  which  is  increased  in  skin  that  has 
been  sensitized  and  in  skin  that  has  been 
burned.  He  thinks  that  there  is  much  hidden 
hyaluronidase  that  is  released  only  when  the 
skin  is  damaged;  and  he  claims  that  in  sen¬ 
sitized  inflamed  skin  the  hyaluronidase  is 
increased  seventy  times  above  the  normal 
free  hyaluronidase.  Chain  and  Duthie  (42) 
were  unable  to  demonstrate  hyaluronidase 
in  fresh  tissue  other  than  testis;  and  Click 
and  his  associates  (98)  could  find  no  hyal¬ 
uronidase  in  skin ;  nor  could  they  (99)  dem¬ 
onstrate  hyaluronidase  in  either  benign  or 
malignant  tumors,  provided  that  they  were 
kept  sterile;  and  they  suggest  that  errors  in 
the  past  have  been  due  to  bacterial  contam¬ 
ination  of  the  tissues  and  extracts.  Prose  and 
Baer  (239)  found  no  hyaluronidase  in  hu¬ 
man  skin,  making  biopsies  from  normal  and 
from  inflamed  skin  in  allergic  conditions. 
The  amounts  of  skin  handled  were  very 
small,  but  the  authors  were  able  to  recover 
small  amounts  of  hyaluronidase  injected 
and  to  demonstrate  its  presence  if  the  areas 
of  skin  were  excised  within  an  hour.  They 
were  thus  of  the  opinion  not  only  that  there 
was  no  free  hyaluronidase  in  the  material 
tested  but  that  there  was  no  obvious  hyal¬ 
uronidase  inhibitor  present  in  the  skin.  They 
were  unable  to  find  hyaluronidase  in  burned 
guinea-j)ig  skin. 
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B.  PROPERTIES  OF  IIYALURONIDASES 

Hyaluronidases  are  those  enzymes  which 
hydrolyze  hyaluronic  acid  or  which  depoly- 
merize  hyaluronic  acid  without  necessarily 
hydrolyzing  to  the  extent  of  producing  re¬ 
ducing  sugars.  IMeyer  and  Rapport  (190) 
consider  that  these  two  functions  depend 
upon  the  same  mechanism  of  breaking  of 
glucosidic  bonds,  though  in  the  case  of  lim¬ 
ited  depolymerization  the  products  of  hy¬ 
drolysis  may  not  be  detectable. 

Hyaluronidases  from  different  sources 
have  different  properties  to  such  an  extent 
as  to  suggest  different  enzymes  or  combina¬ 
tions  of  enzymes.  Pneumococcal  hyaluroni- 
dase  produces  more  complete  hydrolysis  of 
hyaluronic  acid  but  fails  to  digest  chondroi- 
tin  sulfates,  differing  in  both  these  respects 
from  testicular  hyaluronidase  (189).  Hyal¬ 
uronidases  from  different  organisms  have 
been  shown  to  be  antigenically  specific 
(294). 

Purification  of  hyaluronidase  is  only  rela¬ 
tive  (190),  as  electrophoretically  homogene¬ 
ous  stable  enzymes  have  not  been  obtained. 
A  “purified”  fresh  bovine  testicular  hyal¬ 
uronidase  (88)  in  solution  was  found  to  be 
fairly  stable  between  pH  4.0  and  9.5.  Total 
protein  was  a  critical  factor  in  preserving  the 
enzyme,  and  there  was  rapid  deterioration 
at  less  than  1  mg.  total  protein  per  milliliter 
of  the  solution.  Storage  at  above  0°  C.  led  to 
a  gradual  loss  of  activity.  Buffer  salts  were 
found  to  be  important  in  preserving  the  en¬ 
zyme  in  solution  and  in  carrying  out  dialy¬ 
sis.  Exposing  the  solution  to  large  surface 
areas,  as  in  shaking  and  filtration  with 
foaming,  resulted  in  loss  of  activity.  Some 
hyaluronidases  are  surprisingly  stable  on 
heating  and  may  not  be  entirely  destroyed 
below  100°  C.  (190). 

For  enzyme-substrate  reactions,  tempera¬ 
tures  of  25°-50°  C.  are  used  and  pH  between 
4.5  and  6.8.  The  pH  optimum  varies  with 
the  source  of  the  hyaluronidase  and  with  the 
salt  concentration.  The  optimum  salt  con¬ 
centration  varies  with  the  substrate,  and  t  e 
influence  of  sodium  chloride  is  marked  with 


turbidimetric  and  viscosity  methods  of  as¬ 
say  (179).  For  most  reactions  0.1  M  sodium 
chloride  is  suitable. 

Seifter  (261)  finds  that  huge  doses  of  jiuri- 
fied  hyaluronidase  injected  into  animals 
gave  rise  to  no  local  or  systemic  toxic  reac¬ 
tions. 

C.  HYALURONIDASE  ASSAY 

1.  Spreading  Reaction  in  the  Skin 

Colloidal  particles  of  India  ink  or  Evans 
blue  are  injected  into  the  skin,  together  with 
hyaluronidase,  and  the  extent  of  spread  of 
the  particles  is  measured  in  the  excised  skin 
when  the  animal  is  killed  after  ^  hour  (200, 
132).  There  are  many  variables  that  may  in¬ 
terfere  with  the  reaction  in  the  living  animal 
(120),  such  as  state  of  estrus  or  of  hair  cycle 
and  whether  any  inflammation  is  induced; 
and  the  volume  of  fluid  and  the  pressure  of 
injection  are  of  critical  importance.  Spread¬ 
ing  in  human  skin  has  been  studied  by  using 
as  an  indicator  hemoglobin  from  rhesus-neg¬ 
ative  group  O  blood  (130);  but  this  method 
is  objectionable,  in  that  hyaluronidase 
usually  sensitizes  and  repeat  injections  are 
obscured  by  allergy. 

2.  Bacterial  Decapsulation  Method 

Mucoid  colonies  of  group  A  and  group  C 
hemolytic  streptococci  have  a  capsular  ma¬ 
terial  rich  in  hyaluronic  acid  (203),  which 
can  be  removed  by  hyaluronidase.  The 
method  is  unreliable,  in  that  the  streptococci 
may  lose  their  capsules  under  other  influ¬ 
ences  than  that  of  hyaluronidase  (231),  but 
the  method  can  be  applied  in  the  detection 
of  very  small  amounts  of  hyaluronidase 

(199,  93). 

3.  Mucin  Clot -Prevent ion  Test 

Native  hyaluronic  acid  co-precipitates 
with  iwotein  in  the  form  of  a  fibrous  mucin 
clot  if  the  solution  is  acidified.  The  incuba¬ 
tion  of  the  solution  with  hyaluronidase  pre¬ 
vents  the  mucin  clot  from  forming,  and,  in¬ 
stead,  a  turbid  suspension  forms,  and,  final¬ 
ly,  if  hydrolysis  has  jirogressed  far,  the  solu- 
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lion  remains  clear  on  acidification  (249,  204). 
4'his  test  is  a])i)licable  only  to  undegraded 
hyaluronic  acid  and  will  not  work  with 
I)urified  substrate. 

Other  methods  depending  on  altering  the 
j)hysical  {)roperties  of  synovial  fluid  are  the 
Spinnbarkeit  method  of  Gunter  (110)  and 
the  “ACRA”  method  of  Burnet  (33).  The 
latter  was  found  to  be  sensitive  to  very  small 
amounts  of  bacterial  hyaluronidase  (215). 

4.  Viscosity-reducing  Method 

Solutions  of  hyaluronic  acid  become  de- 
polymerized  and  disaggregated  under  the  in¬ 
fluence  of  hyaluronidase,  and  the  fall  of  vis¬ 
cosity  may  be  measured  in  the  Ostwald 
viscometer  (167,  205).  Exact  regulation  of 
conditions  of  temperature,  pH,  salt  concen¬ 
tration,  and  substrate  purity  are  required  for 
reproducible  results  with  an  error  of  about 
10  per  cent. 

5.  Tiirbidimetric  Method 

Purified  hyaluronate  at  pH  4.2  gives  a 
fairly  stable  colloid  suspension  with  dilute 
serum;  but  hyaluronidase,  in  depolymeriz- 
ing  the  substrate,  reduces  the  turbidity  of 
the  suspension,  and  the  turbidity  can  be 
measured  in  the  spectrophotometer  (143, 
65).  This  method  requires  relatively  little 
substrate,  and  large  numbers  of  determina¬ 
tions  can  be  carried  out,  the  error  being  of 
the  order  of  10  per  cent.  The  turbidity-re¬ 
ducing  unit  (T.R.U.)  is  that  amount  of  en¬ 
zyme  which  in  30  minutes  will  reduce  the 
turbidity  produced  by  0.2  mg.  hyaluronic 
acid  to  the  equivalent  of  the  turbidity  i)ro- 
duced  by  0.1  mg.  hyaluronic  acid. 

6.  Rednctinietric  Method 

The  extent  to  which  reducing  sugars  are 
liberated  from  hyaluronic  acid  depends  upon 
the  hyaluronidase  used,  the  reaction  i)ro- 
ceeding  further  with  pneumococcal  and 
crude  testicular  hyaluronidases  than  with 
purified  testicular  hyaluronidase  (135,  179). 
The  method  is  not  used  for  assay  of  hyalu¬ 
ronidase  but  is  of  interest  in  studying  the 
kinetics  of  hyaluronidase  action  (190), 
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I).  MECHANISM  OF  DEGRAD.ATION  OF  HY¬ 
ALURONIC  ACID  BY  HYALURONIDASE 

Native  hyaluronic  acid  is  a  high  polymer 
of  disaccharide  or  oligosaccharide  units  con¬ 
sisting  of  equimolecular  uronic  acid  and  N- 
acetylglucosamine,  of  which  the  glucosa¬ 
mine  would  give  the  ordinary  reducing  reac¬ 
tion  with  alkaline  copper  sulfate.  Much  un¬ 
certainly  has  existed  over  the  mechanism  of 
enzymatic  hydrolysis,  in  view  of  the  differ¬ 
ence  in  effect  between  purified  and  crude  ex¬ 
amples  of  testicular  hyaluronidase  (179,  134, 
181,  62).  Hahn  (112)  considered  that  there 
were  two  enzymes  in  testis  extract,  one  a 
“mucopolysaccharidase,”  which  would 
break  down  the  long  molecules  to  aldobionic 
acid  groups,  and  another,  “muco-oligosac- 
charidase,”  hydrolyzing  the  aldobionic  acid 
to  mono-  or  disaccharides.  Pure  testicular 
hyaluronidase  would  have  only  the  former 
enzyme.  Pneumococcal  hyaluronidase  was 
capable  of  hydrolyzing  pure  hyaluronic  acid 
completely  and  would  finish  the  breakdown 
to  monosaccharide  that  pure  testicular  hyal¬ 
uronidase  could  not  effect  (182). 

Meyer  and  Rapport  (190)  analyzed  the 
products  of  hydrolysis  of  hyaluronic  acid  by 
adsorbing  them  in  a  carbon  flow  column  and 
then  eluting  out  different  fractions  and  ex¬ 
amining  them  for  reducing  sugar,  N-acetyl- 
glucosamine,  and  glucuronic  acid. 

With  native  hyaluronic  acid  there  was  a 
steady  reduction  in  molecular  size  without 
liberation  of  monosaccharides  by  pure  tes¬ 
ticular  hyaluronidase;  and  with  long  incuba¬ 
tion  the  predominating  form  was  tetrasac- 
charide.  On  the  other  hand,  crude  testicular 
hyaluronidase  would  complete  the  hydroly¬ 
sis  to  monosaccharide.  A  similar  step  is 
achieved  by  |3-glucuronidase  of  liver;  this 
action  of  cruile  testicular  hyaluronidase  is 
attributed  to  ^-glucuronidase.  Purified  hyal¬ 
uronidase  seems  to  attack  the  large  mole¬ 
cule  of  hyaluronic  acid  in  its  center,  at  first 
producing  deiiolymerization  with  marked 
changes  in  physical  properties,  such  as 
change  from  gel  to  sol  state,  loss  of  power  to 
form  mucin  clot  with  protein  on  acidifica- 
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tion,  and  loss  of  viscosity,  while  little  chemi¬ 
cal  change  can  be  detected  apart  from  lib¬ 
eration  of  carboxyl  groups.  Nonetheless,  this 
part  of  hydrolysis  is  attributed  to  the 
breaking  of  glucosaminidic  bonds  (190). 
This  reaction  proceeds  with  diminishing 
velocity  until  all  the  carbohydrate  is  in  a 
soluble,  diffusible  form,  such  as  tetrasac- 
charide.  Breakdown  to  monosaccharide  will 
occur  only  if  /S-glucuronidase  is  present. 

E.  INHIBITORS  OF  HYALURONIDASE 

Much  work  has  been  done  on  the  inhibi¬ 
tors  of  hyaluronidase,  to  which  reference 
will  be  found  in  the  review  of  Meyer  and 
Rapport  (190).  Inhibitors  by  substrate  com¬ 
petition  include  mucopolysaccharides,  such 
as  heparin  and  chondroitin  sulfate.  Heavy 
metals  form  reversible  complexes  with  the 
enzyme,  notably  iron,  copper,  and  zinc 
salts,  though  the  metal-binding  group  of  the 
hyaluronidase  is  not  known.  Certain  p:>oly- 
phenols  and  quinoids  irreversibly  inhibit 
hyaluronidase. 

A  relatively  heat-stable  hyaluronidase  in¬ 
hibitor  is  present  in  the  blood  as  antibody; 
this  was  studied  by  Friou  (91)  in  connection 
with  streptococcal  infections.  Serologically 
distinct  hyaluronidases  are  produced  in  dif¬ 
ferent  tissues  and  by  different  organisms  and 
by  different  strains  of  streptococci  (294). 
There  is  also  a  nonspecific  heat-stable  hyal¬ 
uronidase  inhibitor  present  in  serum  which 
is  p)robably  a  polysaccharide  (201,  111)  and 
may  be  heparin  (100).  Another  nonspecific 
inhibitor,  while  it  may  contain  polysac¬ 
charide,  is  relatively  heat-labile  and  inhibits 
hyaluronidases  from  various  sources.  It  is 
present  in  normal  serum,  but  it  is  increased 
in  various  diseases  both  infective  and  neo¬ 
plastic,  and  its  relation  to  rheumatic  fever 
has  engaged  particular  interest  (6vS,  240). 
Click  (97)  reports  very  high  figures  for  hyal¬ 
uronidase  nonspecific  inhibitor  in  subacute 
lupus  erythematosus,  and  some  correlation 
with  the  sedimentation  rate  is  noted.  I  he 
system  of  “invasins”  and  “anti-invasins” 
constructed  by  Haas  (HI)  lacks  exjjerimen- 
tal  support. 

No  consistent  relationship  has  been 
shown  between  hyaluronidase  production 


and  the  virulence  of  bacteria  (52,  258).  The 
l)roduction  of  hyaluronidase  may  be  adap¬ 
tive  rather  than  an  essential  characteristic  of 
the  strain  of  the  organism;  for  Rogers  (252) 
showed  stimulation  of  hyaluronidase  pro¬ 
duction  by  streptococci  and  by  Cl.  welchii 
when  hyaluronic  acid  was  added  to  the 
culture  medium. 

F.  DIFFERENT  ACTIONS  OF  HYALURONIDASE 

Testicular  hyaluronidases  hydrolyze  the 
chondroitin  sulfate  of  hyaline  cartilage  and 
the  hyaluronosulfate  of  cornea  (179),  but 
there  is  apparently  no  effect  upon  the 
chondroitin  sulfate  “B”  of  skin  (189).  Lillie, 
Emmart,  and  Laskey  (162)  suggest  that  in 
testicular  hyaluronidase  there  is  a  chondro- 
mucinase  separate  from  hyaluronidase,  iden¬ 
tifiable  by  its  effect  upon  chondroitin  sul¬ 
fate,  after  hyaluronidase  has  been  inhibited. 
There  is,  however,  not  sufficient  evidence  put 
forward  for  identification  of  a  separate  en¬ 
zyme;  and,  by  contrast,  Mathews,  Rose- 
man,  and  Dorfman  (173)  find  a  close  correla¬ 
tion  between  the  effects  of  testicular  enzyme 
on  hyaluronic  acid  and  on  chondroitin  sul¬ 
fate,  with  inhibition  running  parallel  for 
both  activities,  and  it  is  thought  that  the 
one  enzyme — hyaluronidase — hydrolyzes 
both  substrates.  Pneumococcal  and  strep¬ 
tococcal  hyaluronidases  do  not  attack  the 
chondroitin  sulfates  of  cartilage  and  other 
connective  tissues. 

Returning  to  the  spreading  reaction  in 
skin,  it  had  been  apparent  that,  beyond  a 
certain  critical  concentration,  further  addi¬ 
tion  of  hyaluronidase  had  no  effect;  Hechter 
(1 22, 123)  found  that  further  spread  depend¬ 
ed  upon  the  amount  of  fluid  injected  and 
upon  the  pressure  under  which  the  injection 
was  made,  which  is  in  keei)ing  with  earlier 
observations  of  McClean  (200).  Chain  and 
Duthie  (42)  had  noted  that  certain  spread¬ 
ing  factors,  such  as  snake  venom  and  ( /. 
welchii  toxin,  i)roduced  an  inflammatory 
component  which  added  to  the  e.Hent  of  the 
sj^read.  Hechter  explained  this  in  terms  of 
increase  of  tissue  fluid  pressure  contributing 
to  the  sj)reading  effect  of  the  hyaluronidase, 
and  he  was  able  to  show  that  the  addition  to 
the  hyaluronidase  of  an  agent  that  promoted 
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inflammation  had  an  effect  similar  to  that  of 
the  toxins  and  venoms  described.  This  may 
be  an  oversimplification,  as  many  snake 
venoms  contain  powerful  proteolytic  en¬ 
zymes,  lecithinases,  etc.  (236).  In  this  con¬ 
nection  Hechter  points  out  that  the  skin  of 
the  living  animal  is  unsuitable  for  apprecia¬ 
tion  of  the  hyaluronidase  effect,  as  the  cir¬ 
culatory  factor  is  one  of  many  variables.  He 
advocates  the  use  of  freshly  excised  rabbit 
skin  as  a  medium  for  hyaluronidase  action, 
and  the  test  should  be  read  over  5  minutes 
only.  With  this  method,  only  hyaluronidase 
will  cause  spreading,  and  factors  that  appear 
to  inhibit  hyaluronidase  should  be  judged  by 
this  method.  For  instance,  it  has  been 
claimed  that  cortisone  has  an  antihyaluroni- 
dase  effect  (221)  in  the  living  animal;  but  in 
excised  skin  Hechter  (123)  finds  that  corti¬ 
sone  does  not  inhibit  the  spreading  reaction 
to  hyaluronidase,  and  it  seems  reasonable  to 
suppose  that  the  in  vivo  effect  of  cortisone  is 
a  suppression  of  the  vascular  and  exudative 
components  of  inflammation,  and  not  di¬ 
rectly  inhibitory  to  hyaluronidase. 

The  effect  of  hyaluronidase  on  the  hyal¬ 
uronic  acid  of  skin,  allowing  rapid  sj)read 
without  inflammation,  and  the  recovery  of 
the  ground  substance  within  about  48  hours 
make  it  tempting  to  regard  this  as  a  physio¬ 
logical  mechanism  and  to  believe  that  there 
is  normally  a  balance  between  enzyme  and 
substrate  and  perhaps  inhibitors  in  the  skin. 
.A.S  there  is  no  clear  evidence  that  hyaluroni¬ 
dase  exists  in  the  skin  at  all,  either  free  or 
combined  and  inactive,  it  is  unprofitable  to 
speculate  any  further  in  this  direction.  Simi¬ 
larly,  the  failure  to  find  hyaluronidase  in  re¬ 
lation  with  the  joint  fluid,  either  normal  or 
diseased,  seems  to  be  evidence  against  its 
physiological  role  here,  where  the  hyaluronic 
acid  itself  is  so  important  (243).  On  the 
other  hand,  hyaluronidase  is  demonstrable 
in  aqueoushumor  (179),and  Meyer  considers 
that  it  plays  a  part  in  keeping  the  physio¬ 
logical  balance  between  hyaluronic  acid  for¬ 
mation  by  the  ciliary  epithelium  and  its  de¬ 
polymerization.  The  hyaluronic  acid  in  the 
vitreous  humor  is  evidently  responsible  for 
Its  turgor,  but  the  mechanism  of  its  physio¬ 
logical  balance  is  not  known. 


G.  OTHER  HYDROLYZING  ENZYMES 

Collagenase  is  an  enzyme  prepared  from 
Cl.  welchii  type  A  filtrate  (170,  216,  21). 
Macfarlane  (208)  found  that  this  enzyme 
would  lyse  freshly  teased  human  tendon; 
and  Robb-Smith  (246)  reproduced  with 
muscle  in  vitro  certain  effects  of  gas  gan¬ 
grene,  such  as  the  destruction  of  reticulin 
and  collagen  support  of  the  muscle  paren¬ 
chyma,  leaving  the  myofibrils  intact, 
though,  of  course,  disrupting  the  fiber 
bundles;  the  effect  of  collagenase  here  is  the 
e.xact  ojiposite  of  that  of  trypsin.  Unfortu¬ 
nately,  this  bacterial  filtrate  contains  other 
enzymes,  including  lecithinase,  hyaluroni¬ 
dase,  and  perhaps  lipase  and  deso.xyribose- 
nuclease,  and  Robb-Smith  aptly  called  it 
a  ‘‘bouillabaisse”  of  enzymes.  Gersh  and 
Catchpole  (%)  and  Stoughton  and  Lorinez 
(275)  found  that  their  collagenase  prepara¬ 
tions  removed  periodic  acid  Schiff  (P.A.S.) 
staining  material  (p.  435)  from  sections  of 
skin  and,  in  particular,  from  the  basement 
membranes,  while  not  primarily  attacking 
collagen.  Robb-Smith  thought  that  where 
Cl.  welchii  invaded  the  skin  and  pro¬ 
duced  bullae  at  the  dermal-epidermal  junc¬ 
tion,  it  might  be  exerting  a  hyaluronidase 
effect  (246);  but  this  is  unlikely,  as  hyal¬ 
uronidase  normally  has  no  such  action.  The 
attack  of  collagenase  on  the  basement 
membrane  perhaps  resembles  the  action  of 
the  pectinases  described  by  McManus  (211); 
but  the  crude  enzymes  used  here  do  not  per¬ 
mit  interpretation  of  effects  in  terms  of  spe¬ 
cific  substrate  structures.  It  may  be  noted, 
however,  that  polygalacturonidase  also  ap¬ 
pears  to  attack  the  basement  membranes. 

H.  OTHER  SPRE.4DING  FACTORS 
Mention  should  be  made  of  a  wide  variety 
of  agents  that  produce  spreading  in  the  skin 
by  mechanisms  other  than  mucolysis.  These 
nonspecific  spreading  factors  induce  spread 
of  particles  only  in  the  skin  of  the  living  ani¬ 
mal  and  not  in  dead  skin,  as  does  hyaluroni- 
dase.  Ascorbic  acid  and  azoproteins  (45, 
168)  have  a  nonspecific  spreading  effect  and 
also  lower  the  viscosity  of  hyaluronic  acid  in 
vitro.  Many  sjireading  factors  have  no  effect 
on  hyaluronic  acid,  and  in  this  group  are 


peptones,  and  simple  chemicals,  such  as 
glycerol,  arsenious  oxide,  and  many  others. 
All  these  agents  tend  to  produce  inflamma¬ 
tion  and  could  work  by  liberation  of  proteo¬ 
lytic  enzymes  in  tissue,  for  example.  Spector 
(269)  flnds  that  many  peptides  of  apj^roxi- 


mate  amino  acid  chain  length  8-U  cause  in¬ 
crease  of  cai)illary  permeability  and  other 
features  of  inflammation.  Reference  may  be 
made  to  reviews  of  spreading  factors  by 
Meyer  and  Rai)i)ort  (190),  Meyer  (179), 
Duran-Reynals  (72),  and  McClean  and 
Hale  (205). 
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IV.  HISTOCHEMISTRY  AND  MICROORG.\NIZATIOxN  OF  GROUxNI)  SUBSTANCE 


A.  METACHROMASIA 

Certain  single-color  basic  dyes,  such  as 
methyl  violet,  thionine,  the  azures,  and 
toluidine  blue,  while  staining  tissues  their 
own  color,  are  capable  of  forming  an  entirely 
different  color  with  certain  acidic  colloidal 
complexes.  Thus  toluidine  blue  stains  most 
tissues  blue  (orthochromatic),  but  connec¬ 
tive-tissue  mucin  is  stained  pink  (metachro- 
matic).  This  peculiarity  of  staining  in  tissue 
sections  is  far  too  complex  to  allow  of  inter¬ 
pretation  in  terms  of  chemical  reaction;  but 
with  purified  materials  in  solution,  with 
some  control  of  the  ionic  environment,  some 
understanding  of  the  phenomenon  may  be 
attempted.  It  concerns  the  electrical-charge 
density  which  may  be  common  to  many 
polyelectrolytes  and  is  not  indicative  of  any 
specific  chemical  compound  (280).  The  sub¬ 
stances  (chromotropes)  which  produce  met- 
achromasia  in  animal  tissue  are  large-mole¬ 
cule  colloids  with  spaced  acidic  groups, 
i.e.,  -DSOoOH,  -COOH,  and  perhaps 
-0P0(0H)2,  to  which  the  basic  dye  is  fi.xed. 
Michaelis  and  Granich  (193)  suggested  that 
the  dye  combines  with  the  chromotrope  in 
such  a  manner  as  to  form  a  dimer  or  polymer 
of  the  dye,  in  which  state  its  color  is  altered. 
Levine  and  Schubert  (158)  studied  the  e.x- 
tinction  curves  for  methylene  blue  by  using 
l)urified  chondroitin  sulfate  as  chromotrope 
and  found  little  to  suggest  polymer  or  dimer 
formation.  The  lessening  of  the  metachro- 
masia  with  higher  concentrations  of  chon¬ 
droitin  sulfate  and  of  neutral  salt  suggested 
an  evening-out  of  anionic  densities  along  the 
molecule;  and  it  is  probably  the  fixing  of  the 
dye  to  areas  of  high  anionic  density  in  mole¬ 
cules  of  anionic  unevenness  that  alters  the 
light  absoriition  of  the  dye.  'bhe  substances 
ordinarily  showing  metachromasia  are  large- 


molecule  sulfate  esters,  such  as  mast-cell 
heparin,  chondroitin  sulfuric  acid,  and 
mucoitin  sulfuric  acid.  In  addition,  hyal¬ 
uronic  acid  requires  special  consideration. 
Meyer  (179)  says  that  highly  polymerized 
hyaluronic  acid  in  a  concentration  of  1  per 
cent  shows  metachromasia  but  that  the 
usual  physiological  amounts  in  tissue  are  not 
enough  to  show  metachromasia;  and  he 
thinks  that  most  naturally  occurring  meta¬ 
chromasia  in  connective  tissues  depends 
upon  chondroitin  sulfuric  acid.  Sylven  (280) 
goes  into  this  matter  in  some  detail  and  is  in 
general  agreement  with  Meyer.  Sylven  pre¬ 
pared  a  hyaluronic  acid  which  was  free  of 
contaminating  sulfuric  acid-containing 
substances  (and  this  is  difficult  to  achieve 
with  hyaluronic  acid  from  umbilical  cord, 
for  instance,  the  sulfate-containing  material 
being  probably  chondroitin  sulfuric  acid). 
The  purified  hyaluronic  acid  gave  no  meta¬ 
chromasia  in  solution  in  the  sol  state  up  to 
about  1  per  cent  concentration.  Mi.xed  with 
gelatin  and  dried  as  smears,  the  hyaluronic 
acid  did  give  metachromasia  if  its  concen¬ 
tration  was  as  high  as  1  or  2  per  cent  dry 
weight  of  the  gelatin  mixture.  Hyaluronic 
acid  was  considered  to  be  borderline  be¬ 
tween  metachromatic  and  nonmetachro- 
matic  and  is  very  much  weaker  in  this  respect 
than  chondroitin  sulfate.  Metachromasia, 
Sylven  concluded,  was  of  little  value  as  a 
staining  method  for  hyaluronic  acid,  since 
the  method  will  not  distinguish  between  dif¬ 
ferent  colloidal  electrolytes. 

Under  certain  conditions  other  nonsul- 
fated  comiiounds  may  show  metachromasia. 
Bignardi  (22)  has  shown  that  when  glycogen 
is  treated  with  chromic  acid  beyond  the  op¬ 
timum  for  the  Bauer  stain  (16),  so  that  the 
Schiff  reaction  becomes  weak  or  negative. 
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then  the  glycogen  is  found  to  stain  meta- 
chromatically.  (lomori  suggests  (105)  that 
the  release  of  many  carboxylic  groups  during 
the  oxidation  may  give  rise  to  this  effect.  In¬ 
deed,  McManus  (211)  states  that  any  poly¬ 
saccharide  during  oxidation  may  at  a  certain 
stage  show  metachromasia.  Furthermore, 
different  methods  of  fixation  produce  differ¬ 
ent  results,  and  a  comparison  in  metachro¬ 
masia  can  be  made  only  with  standard 
methods  of  fixation  and  of  dilution  and  pH 
of  stain,  as  was  jwinted  out  by  Eensley  (20) 
and  by  many  subsequent  workers.  Folds 
(87)  has  shown  that  unfixed  skin,  if  pre¬ 
treated  with  ])epsin  (but  not  with  trypsin), 
will  have  its  collagen  bundles  rendered  met- 
achromatic  when  subsequently  stained; 
whereas,  with  fixed  skin,  either  of  these  two 
enzymes  will  predis{)ose  the  collagen  bundles 
to  stain  metachromatically.  One  might  sug¬ 
gest  here  that  the  [)roteolytic  enzyme  might 
first  attack  the  {)rotein  complexes  of  the 
ground  substance,  which,  in  turn,  might  re¬ 
lease  acidic  grou{)s  of  acid  mucopolysac¬ 
charide,  such  as  chondroitin  sulfate,  which 
would  then  give  the  metachromatic  effect. 
French  and  Benditt  (89)  found  that  histone, 
albumen,  and  globulin  would  block  the  meta¬ 
chromatic  staining  of  cartilage  by  basic  dyes. 

Metachromasia  of  the  ground  substance 
is  to  be  found  in  embryonic  tissues  (298), 
usually  in  regenerating  connective  tissue, 
such  as  may  be  found  in  healing  wounds 
(p.  443),  and  in  the  uterine  submucosal 
stroma  following  menstruation  (20).  The 
adult  skin  has  normally  no  metachromasia, 
though  W  islocki  has  found  a  small  amount 
in  the  papillae  (298),  and  Montagna  (194) 
found  metachromasia  in  relation  with  grow¬ 
ing  human  hairs,  both  in  the  connective  tis¬ 
sue  of  the  pa{)illae  and  in  the  ei)ithelium  of 
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the  external  root  sheath.  The  same  relation¬ 
ship  between  metachromasia  and  actively 
growing  hairs  was  recorded  by  Sylven  in  the 
rat.  This  metachromatic  material  could  be 
removed  with  hyaluronidase.  Mast  cells  in 
the  skin  consistently  show  metachromasia 
by  virtue  of  their  content  of  heparin  (mono¬ 
sulfate);  this  will  be  discussed  on  page  448. 

B.  STAINS  FOR  MUCOPOLYSACCHARIDES 

The  chondroitin  sulfate  of  connective  tis¬ 
sue  has  a  strong  affinity  for  iron  and  copper, 
and  staining  methods  have  been  based  on 
this  property.  Bensley  (20)  mordanted  fresh 
connective  tissue  with  copper  sulfate  and 
then  stained  with  colorless  haematoxylin 
and  demonstrated  a  blue  homogeneous  coat¬ 
ing  of  the  connective-tissue  fibers.  Hale 
(113)  used  ferric  hydroxide  followed  by  the 
Prussian  blue  reaction  and  showed  acid 
polysaccharide  binding  of  iron.  Neutral 
polysaccharides  do  not  stain  by  this  method. 
These  stains  are  not  very  satisfactory  and 
are  by  no  means  specific  for  polysaccharides. 

Periodic  acid  serves  to  split  the  carbon 
chain  of  a  carbohydrate  between  the  first 
and  second  carbon  atoms  if  glycol  groups  are 
attached  at  the  1  and  2  positions  or  if  such 
glycolic  groups  have  hydroxyl  groups  re¬ 
placed  by  amino  or  aklylamino  groups.  At 
the  split  in  the  carbon  chain,  aldehydes  are 
formed.  In  the  case  of  polysaccharides  the 
reaction  takes  place  without  depolymeriza¬ 
tion,  so  that  the  product  of  oxidation  is  not 
broken  up  or  washed  away  and  the  alde¬ 
hyde-containing  {xilysaccharide  can  then  be 
detected  by  the  formation  of  a  purple  color 
with  Schiff’s  leukobasic  fuchsin.  This  is  the 
basis  of  the  periodic  acid  Schiff  stain  (P.A.S. 
stain)  described  by  McManus  (209)  and  by 
Hotchkiss  independently  (131). 
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The  polysaccharide  has  vicinal  -OH 
groups  oxidized  to  aldehydes  with  a  break  in 
the  carbon  chain  here.  There  is  no  depoly¬ 
merization,  owing  to  the  IC  to  4C  linkages 
between  two  hexose  units  (105). 

MdManus  considers  that  P. A. S. -positive 
staining  is  usually  indicative  of  1-2  glycols 
and  their  amine  substituents  and  hence  is 
indicative  of  carbohydrate.  Further  evi¬ 
dence  can  be  gained  by  acetylation  and  then 
mild  saponification.  Acetylation  blocks  the 
P.A.S.  reaction  by  combining  at  either  gly¬ 
col  or  amino  or  carbo.xyl  groups.  If  the 
P.A.S.  staining  is  then  restored  by  brief 
saponification  with  mild  alkali,  this  is  evi¬ 
dence  of  glycol  groups,  because  acetyl  is  not 
so  easily  removed  from  amino  radicals  (210). 
.According  to  W'olman  (301),  some  lipids 
still  give  a  positive  reaction. 

It  is  imjx)rtant  to  have  control  sections 
treated  with  the  Schiff  reagent  without  pre¬ 
vious  periodation,  as  this  will  show  up  some 
naturally  occurring  aldehydes,  such  as 
ceroid  and  elastic-tissue  aldehyde  (104). 
Certain  lipids  give  a  positive  P.A.S.  reac¬ 
tion;  but  if  these  have  not  been  removed 
during  the  preparation  of  the  section,  they 
may  be  removed  with  hot  methanol  and 
chloroform.  In  order  to  get  comparable  re¬ 
sults,  the  details  of  the  conditions  of  staining 
and  especially  the  pH  must  be  watched,  and 
Lillie  (161)  emphasizes  the  difference  be¬ 
tween  the  results  obtained  by  using  the 
McManus  procedure  and  the  Hotchkiss 
method.  Glycogen  stains  intensely  with  the 
P.A.S.  method  and  is  readily  seen  in  the 
skin.  It  is  distinguished  from  other  poly¬ 
saccharides  by  its  removal  with  amylase  or 
ptyalin.  W'ith  this  method  of  staining,  amy¬ 
loid  material  from  different  sources  gives 
different  results,  some  negative  and  some 
positive.  Considerable  uncertainty  exists 
over  the  staining  of  fibrin  (57). 

The  distribution  of  P.A.S.-positive  mate¬ 
rial  in  normal  human  skin  was  described  by 
Stoughton  and  Wells  (276).  While  there  is 
some  diffuse  staining  of  all  the  connective 
tissue,  particular  condensaUons  are  seen  at 
the  junctions  of  connective  tissue  wi  i 
epithelium  (basement  membranes)  and  out¬ 


side  the  endothelium  of  the  capillaries. 
These  amorphous  membranes  are  closely  as¬ 
sociated  with  the  network  of  finest  connec¬ 
tive-tissue  fibers  (reticulum);  but  silver 
staining  with  superimposed  P.A.S.  staining 
shows  that  the  reticulum  can  be  resolved 
from  the  P.A.S.-positive  material  (161).  Rit¬ 
ter  and  Oleson  (245)  used  a  combination  of 
Hale  stain  and  P.A.S.  procedure  to  empha¬ 
size  the  difference  between  the  staining  of 
the  basement  membranes  and  the  rest  of  the 
connective  tissue.  Failure  of  a  tissue  to  stain 
by  any  of  the  methods  described  seems  in¬ 
sufficient  evidence  for  suggesting  the  ab¬ 
sence  of  mucopolysaccharide  (58),  because 
chemically  important  amounts  of  carbohy¬ 
drate  may  not  be  detectable  by  any  staining 
method. 

C.  EFFECTS  OF  SOME  ENZYMES  ON 
STAINING  REACTIONS 

The  effect  of  specific  enzymes  on  the 
characteristic  staining  of  certain  substances 
in  tissue  or  sections  may  be  used  in  a  further 
attempt  to  identify  these  substances  (211). 
For  instance,  hyaluronidase,  in  removing 
metachromatic  staining  from  sections  of 
myxedema  cutis,  would  appear  to  be  hy¬ 
drolyzing  mucopolysaccharide  material.  But 
a  similar  removal  of  metachromatic  material 
could  result  from  incubation  of  the  section 
with  proteolytic  enzymes  or  with  alkaline 
buffer,  so  that  staining  removal  must  be  in¬ 
terpreted  with  caution  as  regards  si)ecificity. 
Benditt  and  French  (17)  studied  the  re¬ 
moval  of  metachromasia  from  acetone-fixed 
sections  of  cartilage  in  conjunction  with 
changes  in  the  incubating  medium.  Removal 
of  metachromasia  with  malt  extract  re¬ 
sembles  the  effect  of  trypsin  and  of  chy mo- 
trypsin  where  tyrosine  is  liberated  in  the  in¬ 
cubating  mixture.  Pure  hyaluronidase,  on 
the  other  hand,  gave  no  evidence^  of  yiro- 
teolysis;  and  hexosamine  and  mucins  were 
identified  in  the  incubating  fluid.  Sections 
incubated  with  histone  showed  loss  of  meta¬ 
chromasia  without  evidence  of  hydrolysis 
and  here  an  increase  in  weight  of  the  treated 
sections  was  measured.  Histone  had  become 
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attached  to  the  acidic  groups  of  mucopoly¬ 


saccharides,  blocking  the  staining  with 
basic  dye.  Thus  with  crude  tissue  extracts 
protein  may  compete  with  basic  dye  for  the 
I)olysaccharide,  so  that  staining  loss  is  due 
to  masking  and  not  to  hydrolysis. 

W'e  know  nothing  of  the  structure  of  the 
strongly  P. A. S. -positive  basement  mem¬ 
branes  beyond  the  bare  facts  of  their  stain¬ 
ing  properties.  It  is  assumed  that  these  con¬ 
tain  mucopolysaccharide,  but  so  far  there  is 
no  absolute  proof  of  this.  Hyaluronidase  has 
no  effect  upon  basement  membranes  (276, 
161),  though,  with  freeze-dried  sections, 
after  many  hours’  incubation,  the  removal 
of  P.A.S.-positive  material  was  reported 
(96).  Proteolytic  enzymes  remove  the  P.A.S.- 
positive  material  fairly  rapidly,  and  an  ad¬ 
mixture  of  small  amounts  of  proteolytic  en¬ 
zyme  with  carbohydrate-hydolytic  enzymes, 
such  as  hyaluronidase,  might  account  for 
discrepancies,  just  as  the  malt  extract  al¬ 
ready  mentioned  (17)  was  found  to  be  partly 
proteolytic.  Certain  samples  of  collagenase 
and  of  Cl.  welchii  filtrate  seemed  to  remove 
the  P.A.S.-staining  material  from  the  skin 
(96,  275),  whereas  other  examples  of  this  en¬ 
zyme  group  have  preferentially  attacked 
reticulin  and  collagen  (246).  McManus 
(211)  claims  that  pectinases  and  polygalac- 
turonidase  selectively  remove  the  P.A.S.- 
staining  material  from  acetone-fixed  sec¬ 
tions;  but  collagenase  and  pectinase  are 
crude  collections  of  enzymes  (247),  and  at 
present  no  conclusions  can  be  reached  con¬ 
cerning  the  specificity  of  the  staining 
changes  that  they  induce. 

D.  DISTRIBUTION  OF  MUCOPOLYS.4C- 
CILARIDES  IN  THE  SKIN 

The  use  of  freeze-drying  in  vacuo  as  a 
method  of  preparation  allowed  Gersh  and 
Catchpole  (96)  to  explore  the  P.A.S.  stain¬ 
ing  of  tissues  with  confidence  that  artifacts 
were  for  the  most  part  excluded;  and  their 
results  showed  essentially  the  same  P.A.S.- 
rx)sitive  areas  as  were  found  with  conven¬ 
tional  fixation.  It  was  considered  that 
strongly  P.A.S.-positive  areas  were  indica¬ 
tive  of  insoluble  mucoiiolysaccharide  com¬ 
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plexes;  and  the  authors  postulated  that  cer¬ 
tain  differences  in  the  physical  state  and 
staining  in  these  areas  might  be  due  to  alter¬ 
ations  in  the  state  of  polymerization  of  the 
carbohydrates  of  the  ground  substance.  In  a 
highly  polymerized  state  the  ground  sub¬ 
stance  forms  a  gel  which  is  not  soluble  in 
water;  the  staining  with  P.A.S.  is  light; 
metachromasia  is  not  present;  and  the  up¬ 
take  of  Evans  blue  is  slight.  With  partial  de¬ 
polymerization,  the  ground  substance  is  in  a 
semisol  state  but  is  not  soluble  in  water;  the 
P.A.S.  staining  is  very  strong;  there  is 
strong  metachromasia;  and  Evans  blue  up¬ 
take  is  strong.  Wath  further  depolymeriza¬ 
tion,  the  ground  substance  becomes  watery 
and  water-soluble;  the  P.A.S.  staining  be¬ 
comes  weak;  metachromasia  is  variable, 
though  Evans  blue  uptake  may  be  strong. 
This  attractive  theory  (94,  95)  has  aroused 
wide  interest  in  the  ground  substance;  but  it 
should  be  pointed  out  that  simple  depoly¬ 
merization  as  applied  to  such  a  material  as 
hyaluronic  acid  or  chondroitin  sulfate  would 
not  account  for  the  alterations  in  staining 
discussed,  as  far  as  the  chemistry  of  these  re¬ 
actions  is  known.  Moreover,  some  of  the 
phenomena  could  be  accounted  for  on  the 
basis  of  changes  in  hydration  in  the  ground 
substance  or  of  inorganic  ions,  or  there  may 
be  actual  hydrolytic  degradation  of  the  poly¬ 
saccharide  chains.  Another  important  con¬ 
cept  emphasized  in  this  work  concerns  the 
connective-tissue  changes  which  may  take 
place  in  specialized  areas.  In  the  pregnant 
guinea  pig  the  symphysis  pubis  widens  just 
before  parturition,  and  this  widening  is  the 
result  of  changes  in  the  connective  tissue  in 
this  area,  whereby  the  ground  substance  be¬ 
comes  abundant,  metachromatic,  and  hy¬ 
drated— changes  described  as  “depolymeri¬ 
zation,”  probably  mediated  by  fibroblasts 
specially  responsive  in  this  area  to  hormone 
stimulus.  Perl  and  Catchpole  (229)  were 
able  to  bring  about  similar  changes  in  the 
pubic  connective  tissue  in  virgin  guinea  pigs 
by  prejiaring  them  with  estradiol  and  then 
giving  them  serum  containing  relaxin.  The 
same  kind  of  change  in  the  ground  substance 
toward  a  water-soluble  and  more  metachro- 
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matic  state  is  seen  in  the  stroma  of  organs 
undergoing  cyclic  change,  such  as  the  ovary 
or  the  uterus,  the  connective-tissue  changes 
being  apparently  reversible.  This  degrada¬ 
tion  of  ground  substance  is  also  described  in 
relation  to  wound  repair  and  in  the  connec¬ 
tive  tissue  bordering  malignant  tumors. 

Apart  from  the  special  condensations  of 
ground  substance  staining  strongly  with  the 
P.A.S.  method,  there  appears  to  be  a  diffuse 
coating  of  the  connective-tissue  fibers  which 
is  not  very  amenable  to  microscope  study. 
In  addition,  there  is  a  cement  substance  be¬ 
tween  the  fibrillae  which  make  up  the  col¬ 
lagen  bundles;  but  higher  magnification  is 
needed  to  appreciate  these,  and  the  best  evi¬ 
dence  is  derived  from  the  work  of  Day  (55) 
already  discussed  and  from  electron  micro¬ 
scopy,  which  reveals  that  amorphous  mate¬ 
rial  must  be  removed  before  the  collagen 
fibrillae  can  be  clearly  photographed  (107). 

Where  reticulin  is  increased,  there  also 
will  be  found  an  excess  of  amorj^hous  ground 
substance  which  may  be  stained  by  the 

V.  IKmMONES  AND 

A.  THYROID  EXTRACT  AND 
THYROTROPIC  HORMONE 

The  curious  nonpitting  edema  seen  in  the 
skin  of  patients  with  gross  hypothyroidism 
suggested  accumulation  of  water-binding 
mucin  and  hence  the  name  *  myxedema 
(222). 

Ilyrom  (36)  measured  the  fluid,  electro¬ 
lyte,  and  protein  loss  in  subjects  receiving 
thyroid  extract.  In  the  normal  subject  re¬ 
ceiving  thyroid  there  is  loss  of  fluid,  in  which 
there  is  more  potassium  than  sodium,  indi¬ 
cating  mainly  loss  of  intracellular  fluid  (p. 
500),  whereas  in  myxedematous  subjects  the 
fluid  loss  was  accompanied  by  excess  sodi¬ 
um,  indicating  loss  of  extracellular  fluid. 
Byrom  related  the  fluid  in  myxedema  to 
extracellular  protein  accumulation  and  sug¬ 
gested  that  this  protein  (“mucoprotem”) 
must  have  a  great  osmotic  effect.  The  impor¬ 
tance  of  the  carbohydrate  component  of  the 
extracellular  mucin  in  fluid  and  sodium  re¬ 
tention  was  not  at  that  time  appreciated.  It 


P.A.S.  method  or  metachromatically;  but 
the  relation  between  these  two  elements  is 
obscure.  Reticulin  apj)ears  to  be  no  different 
from  collagen  under  the  electron  microscojie 
as  far  as  the  protein  fibrils  are  concerned 
(p.  410);  but  it  is  curious  that  this  fine- 
branching,  silver-staining  network  does  not 
swell  or  go  into  solution  with  acetic  acid,  as 
do  the  larger  collagen  fibers  (247).  The  silver 
impregnation  may  depend  largely  upon  the 
diameter  of  the  fibers,  though  proximity  to 
epithelium  may  be  a  factor  in  silver 
staining  (15). 

Evidence  of  carbohydrate  staining  may 
usually  be  found  where  elastic  fibers  are 
abundant,  as  in  large  vessel  walls  (32),  and 
electron  microscope  study  of  elastica  shows 
much  amorphous  material  (302).  Examina¬ 
tion  of  elastic  fibers  dissolved  by  elastase 
(12)  suggested  to  Hall  et  at.  (114)  that  the 
central  core  of  elastic  protein  was  surround¬ 
ed  by  a  sulfuric  acid-  and  carbohydrate- 
containing  protein  complex  which  they 
called  “elastomucin.” 

GROUND  SUBSTANCE 

has  been  clearly  recognized  that  mucin  ac¬ 
cumulates  extracellularly  in  myxedema  and 
that  the  tissue  rather  resembles  that  of  the 
embryo;  thyroid  prevents  mucin  accumula¬ 
tion.  This  effect  of  thyroid  is  not  purely  one 
of  increase  of  metabolic  rate,  for  dinitro- 
orthocresol  will  increase  the  metabolic  rate 
without  altering  the  accumulations  of 
ground-substance  mucin  in  myxedema  (61). 

Brewer  (31)  reported  autopsy  findings  in 
advanced  myxedema  and  found  gross  ac¬ 
cumulation  of  metachromatic  material  in 
the  skin,  which  was  considered  to  be  acid 
mucopolysaccharide.  Asboe-Hansen  (3)  de¬ 
prived  hypothyroid  patients  of  thyroid  ex¬ 
tract  in  order  to  make  them  experimentally 
myxedematous.  In  the  state  of  myxedema 
there  was  accumulation  in  the  dermis  of 
metachromatic  material  and  of  Idirlich  s 
mast  cells.  The  resumption  of  thyroid  med¬ 
ication  resulted  in  the  removal  of  this  meta¬ 
chromatic  material  and  a  reduction  in  mast 
cells.  The  intradermal  injection  of  saline  in 
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myxedema  results  in  a  discrete  accumula¬ 
tion  of  fluid,  which  remains  at  the  injection 
site  for  an  abnormally  long  time;  this  effect 
is  reversed  by  hyaluronidase.  Asboe-Hansen 
considers  that  the  excess  of  thyroid-stimu¬ 
lating  hormone  of  the  anterior  pituitary  is 
an  important  factor  in  the  production  of  the 
connective-tissue  changes  of  myxedema; 
and  he  suggests  that  it  is  the  mast  cells  that 
are  stimulated  to  produce  an  excess  of  hyal¬ 
uronic  acid.  At  present  there  appears  to  be 
insuflicient  evidence  for  ascribing  this  spe¬ 
cific  property  of  hyaluronic  acid  formation 
to  the  mast  cells;  but  this  will  be  discussed 
on  page  448. 

Werner  (295)  treated  myxedematous  pa¬ 
tients  with  ACTH  and  found  that  after  3 
days  the  mucinous  infiltration  of  the  skin 
involuted,  the  skin  becoming  warm  and 
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curious  i)arado.x,  in  that  the  condition  ap- 
])ears  in  jxitients  with  hyperthyroidism  or 
after  treatment  for  hyperthyroidism.  In 
these  thick  j)laques  on  the  shins  there  is 
edema  without  pitting;  incision  shows  a  gap¬ 
ing  firm  tissue  with  little  tendency  to  bleed; 


TABLE  6 


Relative 

Mucin 

V  iscosity 

N  itrogen 

at  38°  C. 

(Gm/lOO  MO 

Myxedema  joint  fluid . 

361 

0.  192 

Normal  human  joint  fluid. 

208 

0.066 

and  a  thick  mucus  can  be  squeezed  out  of 
the  skin.  Sections  show  copious  metachro- 
matic  material  between  the  connective-tis¬ 
sue  bundles  in  the  dermis,  which  can  be  re- 


smooth  again.  There  was  an  increase  in  I: 
metabolic  rate  following  cortisone  or  .AC 
therapy,  but  no  increase  in  the  ui)tak 
radioactive  iodine  was  observed. 

In  my.xedema  there  is  a  very  vis( 
joint  fluid.  Roi)es  (254)  gives  figures  for  1 
joint  (Fable  6).  ‘'JSelibial  myxedema" 


moved  by  hyaluronidase  in  vitro  and  tempo¬ 
rarily  m  VIVO.  Figure  4  shows  a  section  from 
a  case  ot  recently  treated  Graves’s  disease 
with  bilateral  pretibial  my.xedema;  the  bi- 
opsy  was  made  from  a  thick  plaque  on  the 
nn.  I  he  basement  membrane  at  the  der¬ 
mal-epidermal  junction  and  those  about  the 
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small  blood  vessels  have  been  stained  with 
P.A.S.;  the  mucin  is  seen  as  dark-staining 
fibrillary  and  vacuolated  material  in  the 
mid-corium  between  the  connective-tissue 
fibers.  This  latter  metachromatic  material 
w'as  easily  removed  with  testicular  hyalu- 
ronidase;  but  incubation  with  this  enzyme 
had  no  effect  upon  the  P.A.S. -positive  base¬ 
ment  membranes. 

The  local  accumulations  of  mucin  and 
bound  water  over  the  shins  is  similar  to  the 
general  accumulations  in  the  skin  in  general¬ 
ized  myxedema.  Watson  and  Pearce  (291) 
obtained  large  specimens  of  pretibial  myx¬ 
edema  and  carried  out  alkaline  extraction  of 
the  interfibrillary  mucinous  materials  and 
compared  them  with  normals  from  ampu¬ 
tated  legs  (Table  7). 


were  compared,  and  in  the  thyroidectomized 
group  treated  with  thyrotropic  hormone 
there  was  an  increase  in  water  and  in  glu¬ 
cosamine-containing  ground  substance, 
while  there  was  no  difference  in  the  dry 
weight  of  the  tissue.  The  abnormal  periocu¬ 
lar  tissue  was  strongly  metachromatic,  and 
the  metachromatic  material  could  be  re¬ 
moved  with  hyaluronidase. 

Though  the  thyrotropic  hormone  may  be 
the  main  factor  in  producing  these  changes, 
it  is  difficult  to  account  for  the  peculiar  dis¬ 
tribution  of  lesions  which  involve  the  peri¬ 
ocular  connective  tissues  and  the  pretibial 
skin;  and  one  may  turn  to  the  postulate  of 
Gersh  and  Catchpole  (96),  that  there  are  re¬ 
gions  or  families  of  cells,  such  as  fibroblasts, 
peculiarly  susceptible  to  hormone  stimulus. 


TABLE  7 


Water 

Content 
(Per  Cent) 

Ash 

(Per  Cent) 

Free  Acid  (Mo.  per  100  Gm. 

OF  Fresh  Skin) 

Hyaluronic 

Chondroitin 

Sulfuric 

Mrvrmni  «;kin  . 

61.0 

74.8 

0.74 

0.45 

24.5  +  5.7 

63.6 

26.2  +  4.7 
48.7 

PrptiKi'al  mvyprlemn. . 

It  seems  from  this  work  that  both  the 
hyaluronic  acid  and  the  chondroitin  sulfuric 
acid  of  the  skin  are  greatly  increased  in  pre¬ 
tibial  myxedema. 

Commonly,  patients  with  pretibial  myx¬ 
edema  also  have  marked  proptosis,  which  is 
probably  due  to  accumulation  of  mucin  and 
bound  water  in  the  connective  tissues  of  the 
orbit.  The  experimental  work  of  Ludwig, 
Boas,  and  Soffer  (164)  suggests  that  the 
mechanism  depends  on  an  excess  of  thyroic 
stimulating  hormone  in  the  absence  of  nor¬ 
mal  thyroid  secretion.  These  workers  treat¬ 
ed  thyroidectomized  guinea  pigs  with  thyro¬ 
tropic  hormone  (extract  of  adenohypophy¬ 
sis)  after  which  these  animals  had  marked 
proptosis,  whereas  thyroidectomy  alone  pro¬ 
duced  no  such  effect  and  thyrotropic  hor¬ 
mone  in  the  intact  animal  gave  only  slight 
initial  proptosis.  The  excised  orbital  tissues 


as,  for  instance,  the  fibroblasts  at  the 
symphysis  pubis  of  the  guinea  pig,  with 
their  selective  response  to  relaxin  in  preg¬ 
nancy,  or  the  connective-tissue  cells  in  the 
cock’s  comb  or  in  the  “sex  skin”  of  monkeys 
under  the  stimulus  of  sex  hormone. 

B.  SEX  HORMONES 

The  extracellular  accumulation  of  water, 
mucopolysaccharide,  and  protein  in  the  sex 
skin  of  the  monkey  (p.  382)  has  some  re¬ 
semblance  to  the  lesions  in  pretibial  my.x- 
edema.  Zuckerman  et  at.  (304,  217)  showed 
that  from  this  sex  skin  a  viscous  fluid  could 
be  squeezed  and  that  this  fluid  had  a  water¬ 
binding  effect  greater  than  that  of  plasma, 
though  the  jirotein  content  was  only  2.5  per 
cent.  With  acetic  acid  a  stringy  mucin  was 
deposited  from  the  tissue  juice.  Such  mucin 
could  not  be  detected  in  the  same  skin  at 
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other  phases  of  the  estrus  cycle,  nor  could  it 
be  found  in  the  blood  stream  at  estrus,  and 
it  was  suggested  that  the  mucin  was  secreted 
by  the  connective-tissue  cells.  Zuckerman 
(.?()4)  injected  monkeys  with  estrone  in 
the  postovulatory  phase  of  the  estrus  cycle 
and  produced  such  swellings  of  the  sex  skin 
as  would  normally  be  present  only  in  the 
pre-ovulatory  phase.  Chain  and  Duthie  (42) 
found  that  the  mucin  from  monkey  sex  skin 
could  be  rapidly  reduced  in  viscosity  by 
hyaluronidase;  and  Duran-Reynals  (73) 
demonstrated  local  reduction  of  sex-skin 
turgor  by  the  injection  of  hyaluronidase, 
showing  at  the  same  time  removal  of  meta- 
chromatic  material.  Bachman  et  at.  (8) 
transplanted  skin  from  the  genital  area  to 
other  sites  and  found  that  the  same  skin  re¬ 
sponded  to  estrogenic  hormone  in  its  new 
site.  This  seems  further  to  support  the  idea 
of  a  particular  response  of  connective-tissue 
cells  belonging  to  certain  sites  of  the  body. 
The  continuance  of  estrone  therapy  for  over 
a  month  resulted  in  response  of  areas  beyond 
the  genital  and  a  gradual  extension  of  the 
“pachydermatous  edema,”  implying  that 
sufficient  stimulus  would  produce  the  same 
response  in  less  specialized  connective-tissue 
cells.  These  authors  noted  that  sympathecto¬ 
my  had  some  effect  in  reducing  the  sex-skin 
response,  but  what  was  mainly  altered  was 
the  vascular  comfronent  that  gives  the  lurid 
color  to  the  genital  skin  at  estrus. 

Seeberg  (260)  compared  intradermal  re¬ 
actions  in  women  at  different  phases  of  the 
menstrual  cycle.  On  the  first  day  of  menstru¬ 
ation  or  on  the  preceding  day,  diffusion  in 
the  skin  is  more  rapid  than  12  days  after 
menstruation.  At  menstruation  a  saline  bleb 
would  diffuse  away  faster;  P32  as  an  indica¬ 
tor  injected  into  the  skin  would  diffuse  away 
faster;  and  the  tuberculin  type  of  reaction 
would  be  depressed,  owing  to  diffusion  away 
ot  the  allergens.  ^ 


Lurie  (165)  finds  that  the  spread  of  tul 
culosis  in  rabbits  depends  ujion  resistanc 
die  portal  of  entry  and  that  this  is  modi 
by  the  permeability  of  the  connective  tis< 
1  his  permability  is  reduced  by  estrogi 
which  increase  the  turgor  of  the  ground  s 


stance  and  reduce  the  spread  of  India  ink. 
According  to  Lurie,  the  spread  of  tubercu¬ 
losis  and  of  vaccinia  virus  and  of  streptococ¬ 
cal  and  pneumococcal  infections  is  reduced 
by  estrogens.  Luteinizing  hormone  or  gonad¬ 
otropin  has  an  opposite  effect  and  renders 
the  ground  substance  more  permeable  and 
favors  the  spread  of  organisms.  Estrogens 
also  seem  to  reduce  permeability  of  small 
blood  vessels,  while  gonadotropic  hormone 
has  the  opposite  effect.  Sprunt  (270)  finds 
that  spread  in  the  ground  substance  during 
pregnancy  and  under  the  effect  of  estrogenic 
hormones  is  reduced  and  that  the  reverse 
holds  for  gonadotropic  hormone;  and  he 
considers  that  these  factors  influence  the 
spread  of  infecting  organisms.  Catchpole 
(39)  described  “depolymerization”  of  the 
ground  substance  in  the  stroma  of  the  rat 
ovary  under  the  influence  of  gonadotropin 
(from  pregnant  mare’s  urine). 

The  comb  of  the  cock  owes  its  turgor  in 
part  to  a  zone  of  loose  connective  tissue  be¬ 
tween  the  vascular  core  and  the  compact 
layer  of  connective  tissue  on  the  outside. 
Castration,  besides  reducing  the  vascularity 
of  the  comb,  prevents  the  formation  of  the 
mucoid  layer  (116);  and  the  injection  of  tes¬ 
tosterone  causes  the  connective-tissue  cells 
to  secrete  mucin  again.  Ludwig  and  Boas 
(163)  obtained  similar  results  and  correlated 
the  increase  of  metachromatic  material 
(identified  by  Boas  [27]  as  hyaluronic  acid) 
with  increased  activity  of  the  fibroblasts 
under  androgen  stimulation.  Estrogen,  ad¬ 
renal  cortical  extract,  and  cortisone  did  not 
favor  the  increase  of  metachromatic  materi¬ 
al  in  the  cock’s  comb  (28,  259).  The  laying 
hen  has  a  similar  intermediate  zone  of  mu¬ 
cinous  connective  tissue  in  the  comb,  though 
It  IS  less  spectacular;  and  in  the  capon  the 
comb  will  respond  to  estrone  and  to  tes¬ 
tosterone  (116). 


OimW  (221)  found  that  the  intradermal 
spread  o  India  ink  in  the  skin  of  the  mouse 
was  inhibited  if  cortisone  was  given  either 
subcutaneously  or  intraperitoneally.  Saline 
with  and  without  hyaluronidase  was  used 
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for  the  India  ink  injections,  and  the  results 
were  recorded  after  1  hour.  If  the  mice  were 
kept  in  a  high  environmental  temperature 
(220),  the  spreading  reactions  were  reduced, 
and  cortisone  had  no  additional  effect,  im¬ 
plying  that  the  stress  reaction  had  already 
produced  a  maximal  cortisone-like  response 
by  the  body.  Menkin  (177),  in  experiments 
with  intravenous  dyes  and  injection  into 
rabbit  skin  of  leukotaxin  (p.  100),  found 
that  extract  of  adrenal  cortex  inhibited  the 
inflammatory  response  as  measured  by 
exudation  of  dye.  Menkin  suggested  that  the 
adrenal  cortical  hormone  played  a  part  in 
controlling  capillary  permeability.  This  may 
well  be  the  main  factor  in  the  kind  of  experi¬ 
ment  described  by  Opsahl,  and  we  may  be 
able  to  discard  the  speculation  about  the 
antihyaluronidase  effect  of  cortisone,  when 
anyhow  the  role  of  hyaluronidase  in  the  skin 
may  be  nonexistent.  Cortisone  acetate  or 
hydrocortisone  acetate  injected  into  the  in¬ 
flamed  joints  of  rheumatoid  arthritis  after 
the  removal  of  the  synovial  fluid  (59)  results 
in  the  appearance  of  synovial  fluid  of  less 
volume  and  higher  viscosity,  together  with 
symptomatic  relief.  There  is  no  increase  in 
hyaluronic  acid  as  judged  by  the  hexosamine 
content  of  the  synovial  fluid,  and  the  sugges- 

VI.  CONNECTIV 

A.  THE  GROUND  SUBSTANCE  IN 
WOUND  HEALING 

In  wound  healing  and  in  hyperplastic  in¬ 
flammatory  reactions  following  the  earlier 
exudative  and  vascular  phases,  fibroblasts 
appear  from  the  wandering,  undifferentiated 
connective-tissue  cells,  often  in  close  prox¬ 
imity  to  the  ca[)illary  walls.  New  vessels 
grow  out  from  the  i)re-existing  ones,  and 
fresh  ground  substance  can  be  seen  around 
the  proliferating  fibroblasts.  \\  onderful  ob¬ 
servations  on  this  stage  of  repair  were  made 
by  Stearns  (272,  275),  with  day-by-day  ex¬ 
amination  of  repair  tissue  under  high  power 
in  the  transparent  chamber  of  the  rabbit  s 
ear.  Invasion  of  the  field  by  iibroblasts 
takes  place  about  6  days  after  the  oiieration 
for  insertion  of  the  chamber  aiK  goes  on 


tion  is  that  the  steroid  has  an  anti-inflamma¬ 
tory  effect  rather  than  any  specific  effect  on 
the  hyaluronic  acid. 

Seifter  et  at.  (265,  262)  found  that  corti¬ 
sone  would  abolish  the  effect  of  hyaluroni¬ 
dase  in  increasing  the  permeability  of  rabbit 
bladder  membrane  and  lens  capsule;  but  tes¬ 
tosterone  and  cholesterol  had  a  similar  ef¬ 
fect,  whereas  desoxycorticosterone  acetate 
(DOCA)  enhanced  the  effect  of  hyaluroni¬ 
dase  in  the  isolated-membrane  perfusion 
experiments. 

Winter  and  Flataker  (296)  demonstrated, 
in  both  normal  and  adrenalectomized  animals, 
an  inhibition  of  the  spreading  reaction  in 
the  skin  by  cortisone,  adrenal  cortical  extract, 
and  testosterone  propionate.  DOCA  had  no 
such  inhibitory  effect.  The  same  authors 
also  used  the  pressure  required  to  make  in- 
tradermal  injections  as  a  measure  of  the 
state  of  the  ground  substance,  claiming  that 
prior  treatment  of  the  animal  with  cortisone 
altered  the  ground  substance  of  the  skin  so 
as  to  require  a  greater  pressure  to  effect  in¬ 
jection  of  a  standard  amount  of  saline  (297), 
while  other  steroids  had  no  such  effect. 
There  does  not  appear  to  be  sufficient  evi¬ 
dence  for  ascribing  these  changes  to  primary 
effects  upon  the  ground  substance. 

:-TISSUE  REPAIR 

pari  passu  with  vascularization.  However, 
fiber  formation  was  also  observed  independ¬ 
ent  of  vascularization,  especially  in  over¬ 
growth  of  the  cover  slip  in  the  moat  prepa¬ 
ration,  where  fibrillogenesis  could  be  seen 
under  conditions  close  to  tissue  culture. 
After  fibroblast  multiplication  Stearns  ob¬ 
served  that  many  fibroblasts  contained  re¬ 
tractile  granules  in  the  cytoplasm;  and  an¬ 
other  observation  was  the  bubbling  or  vesi¬ 
cation  from  the  fibroblast  surface,  after 
which  fibers  would  form  quite  rapidly  over  a 
few  hours.  She  thought  that  actual  fiber  for¬ 
mation  was  extracellular,  though  directly  re¬ 
lated  to  secretion  by  fibroblasts. 

Gersh  (96)  also  noticed  granules  in  the 
fibroblasts  in  relation  to  wound  healing  and 
found  that  these  granules  were  P.A.S.-posi- 


Connective-Tissue  Ground  Substance 


443 


tive  and  therefore  suggested  that  they  con¬ 
tained  mucopolysaccharide  and  that  this 
material  was  contributing  to  the  formation 
of  ground  substance.  During  wound  healing 
the  ground  substance  of  the  skin  increases 
and  is  found  to  be  metachromatic  and  to 
contain  an  excess  of  P.A.S.-positive  materi¬ 
al.  Bensley  (20),  in  the  study  of  guinea-pig 
pancreas  fibrosis,  noted,  first,  edema  of  the 
stroma,  and  then,  at  about  10  days  from 
ligation  of  the  pancreatic  duct,  fibroblast  in¬ 
crease  and  the  ground  substance  becoming 
viscous  and  metachromatic.  Argyrophil 
fibers  then  form,  which  later  merge  with  col¬ 
lagen.  Bensley  found  that  mucinous  materi¬ 
al  could  be  extracted  from  the  ground  sub¬ 
stance  in  healing  granulation  tissue.  Sylven 
(277)  drew  attention  to  metachromatic  ma¬ 
terial  in  healing  wounds  and  claimed  that 
this  material  was  mucopolysaccharide.  Mast 
cells  and  some  other  connective-tissue  cells 
also  contain  metachromatic  material;  but  it 
may  be  noted  that  hyaluronidase  will  re¬ 
move  metachromasia  from  the  ground  sub¬ 
stance  but  not  from  the  mast  cells  or  fibro¬ 
blasts. 

Layton  (152)  has  shown  that  embryonic 
tissues,  granulation  tissue,  and  healing 
wounds  have  a  high  capacity  for  fixing  inor¬ 
ganic  sulfur  both  in  vitro  and  in  vivo.  Sulfate 
labeled  \yith  in  special  incubating  solu¬ 
tions  is  fixed  by  healing  tissues  and  by  em¬ 
bryonic  tissues  but  not  by  adult  muscle  or 
skeletal  tissue  in  the  undamaged  state  (153). 
The  sulfate  is  probably  incorporated  into 
chondroitin  sulfate  in  the  formation  of 
ground  substance,  and  this  may  be  an  im¬ 
portant  step  in  healing. 


B.  SCURVY 

The  failure  of  sound  wound  healing  ii 
scurvy  seems  to  be  related  to  inadequatt 
production  of  connective  tissue,  in  which  ar 

abnormahty  of  the  ground  substance  mav 
be  a  factor. 

fn  and  Bal- 

bl^l  1^/  •  process  in 

blood  clots  in  guinea  pigs.  In  the  normal  ani¬ 
mal  vascular  invasion  of  the  clot  is  seen 
within  about  4  days  of  injury,  and  by  the 


fifth  day  a  syncytium  of  fibroblasts  has  ap¬ 
peared.  Extracellular  metachromasia  is  seen 
around  the  fibroblasts,  indicating  the  pro¬ 
duction  of  amorphous  ground  substance,  in 
which  reticulin  soon  ajipears  and,  finally, 
collagen  fibers  in  the  same  site.  In  the  scor¬ 
butic  animal  new  capillaries  invade  the  clot 
but  fail  to  canalize;  and,  while  fibroblasts 
multiply  and  invade  the  clot,  too,  their  ap¬ 
pearance  remains  embryonic.  There  is  fail¬ 
ure  to  form  metachromatic  ground  sub¬ 
stance,  reticulin  is  scanty,  and  collagen  fiber 
formation  does  not  take  place.  Within  6-12 
hours  of  giving  vitamin  C,  metachromatic 
material  appears;  and  cell  response,  vascu¬ 
larization,  and  fibrillogenesis  all  become 
normal. 

Fell  and  Danielli  (82,  53)  found  a  low  al¬ 
kaline  phosphatase  activity  for  repair  con¬ 
nective  tissue  in  the  skin  wounds  of  scor¬ 
butic  guinea  ])igs,  and  they  demonstrated  a 
correlation  between  graded  low  vitamin  C 
intake,  alkaline  phosphatase  in  the  connec- 


-- -  •  - vyx  t  lull. 

French  and  Benditt  (90)  have  recently 
found  that  alkaline  phosphatase  in  healing 
wounds  is  increased  if  epithelium  is  present  in 
the  repair  area.  There  has  been  some  uncer¬ 
tainty  as  to  whether  vitamin  C  affects  fiber 
formation  in  tissue  culture.  Hass  (119)  at¬ 
tempted  to  exclude  vitamin  C  from  the  cul¬ 
ture  medium  and  claimed  that  this  had  no 
effect  upon  fiber  formation  by  growing  fibro¬ 
blasts.  On  the  other  hand,  von  Jeney  and 
Toro  (137)  found  that  vitamin  C  would  pro¬ 
mote  fiber  formation  in  tissue  culture. 

The  absence  of  metachromasia  in  scor¬ 
butic  wound  healing  might  suggest  a  failure 
o  the  usual  production  of  ground  substance  • 
however,  Gersh  and  Catchpole  (96)  found 
the  extractable  mucopolysaccharide  in  the 
ground  substance  of  wounds  in  scurvy  to  be 
greater  than  in  wound  tissue  of  normal  ani¬ 
mals.  It  was  suggested  here  that  the  ground 
substance  was  ,n  a  state  of  “deiwlymeriza- 
tion  ,n  which  state  ,t  would  be  more  easily 
soluble  m  water  and  would  not  give  meta^ 
chromasia.  Pirani  (232)  thought  that  the 
bigh  serum  glycoprotein  in  scorbutic  guinea 
P.gs  might  be  related  to  the  breakdown  of 
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connective-tissue  ground  substance,  with 
absorption  into  the  blood  stream  of  deriva¬ 
tives  of  the  ground  substance.  This  is  some¬ 
what  speculative,  as  there  is  no  clear  chemi¬ 
cal  relationship  between  the  known  ground- 
substance  mucopolysaccharides  and  the 
blood  glycoproteins.  There  is  no  breakdown 
of  already  formed  collagen  in  scurvy,  and 
Elster  (79)  estimated  the  collagen  content  of 
the  organs  of  scorbutic  animals  to  be  the 
same  as  that  of  normals.  Orekhovich  (223) 
found  values  of  citric  acid-soluble  “procol¬ 
lagen”  (p.  409)  to  be  lower  in  scurvy  than  in 
either  normal  animals  or  starved  animals, 
and  it  was  thought  that  this  indicated  dimin- 
shed  connective-tissue  synthesis. 

Reppert  el  at.  (244)  claim  that  vitamin  C 
has  an  inhibitory  effect  upon  spreading  in¬ 
duced  by  hyaluronidase  in  the  skin,  and 
they  suggest  that  vitamin  C  may  have  a  di¬ 
rect  effect  upon  the  cement  substance  of  the 
capillaries  or  upon  a  balance  between  hyal¬ 
uronic  acid  and  hyaluronidase.  But  the  evi¬ 
dence  is  insufficient.  The  exact  mechanism 
of  the  defect  in  scurvy  is  not  clear,  but,  ac¬ 
cording  to  Klemperer  (145),  the  experiments 
under  discussion  “tend  to  show  that  not 
only  normal  fibroblasts  but  also  a  homo¬ 
geneous  ground  substance,  adequate  in 
amount  and  in  chemical  or  physicochemical 
constitution,  is  of  paramount  importance  for 
the  formation  of  collagen  fibres.” 

As  scurvy  develops  in  the  guinea  pig) 
there  is  some  adrenal  hypertrophy  and  in¬ 
crease  of  17-ketosteroid  excretion  which  can 
be  reversed  by  cortisone;  but,  beyond  this, 
ACTH  and  cortisone  have  no  effect  on  the 
manifestations  of  scurvy  in  these  animals 
(49  14)  and  this  is  also  true  of  scurvy  in 
monkeys  (274).  In  fact,  there  is  no  definite 
correlation  between  vitamin  C  action  and 
cortisone  in  wound  repair,  in  spite  of  the 
storage  of  vitamin  C  in  the  adrenal  and  in 
contradiction  to  earlier  experiments  with 
cortisone  in  scurvy  (241). 


c.  THE  EFFECT  OF  ACTH  AND 
CORTISONE  ON  HEALING 

Many  observations  have 
the  effects  of  cortisone  and  ACIH  upon 


wound  healing.  Ragan  (242)  showed  that 
experimental  skin  wounds  in  cortisone- 
treated  rabbits  showed  delayed  healing;  and 
Spain  (268)  found  that,  in  wounds  where 
cortisone  delayed  healing,  there  was  low  cel- 
lularity,  no  new  capillary  formation,  sparse 
fibroblast  proliferation,  and  absence  of 
metachromasia  of  the  ground  substance,  but 
that  epithelialization  would  proceed  normal¬ 
ly.  Additional  ascorbic  acid  had  no  effect  on 
the  wound  healing  here,  nor  was  inhibition 
an  effect  of  protein  imbalance  (235).  Ani¬ 
mals  differ  in  the  extent  to  which  cortisone 
affects  them;  and  cortisone,  for  instance,  has 
no  effect  upon  wound  healing  in  the  guinea 
pig  (287),  while  that  in  the  rabbit  is  marked¬ 
ly  affected.  Taubenhaus  and  Amromin  (281) 
studied  granulation  tissue  in  the  walls  of 
turpentine  abscesses  in  growing  rats.  In  ani¬ 
mals  treated  with  DOCA  the  walls  of  the 
abscesses  had  numerous  large  capillaries  and 
many  large  fibroblasts  with  P. A. S. -positive 
cytoplasmic  granules,  while  animals  treated 
with  sex  hormones  had  reduced  granulations 
and  poor  healing.  Pirani  (234)  sampled  heal¬ 
ing  wounds  in  guinea  pigs  receiving  DOCA 
and  found  an  excess  of  granulation  tissue  in 
the  wounds,  while  mature  connective  tissue 
was  unaffected.  Shapiro  (265)  injected^  tur¬ 
pentine  into  two  sites  of  the  same  animal, 
adding  cortisone  to  one  injection  and  choles¬ 
terol  to  the  other.  Only  in  the  inflammatory 
area  where  cortisone  had  been  introduced 
was  there  suppression  of  the  granulation- 
tissue  response,  showing  in  this  instance  that 
the  effect  produced  by  cortisone  was  a  local 
one.  He  further  showed  that  denervation 
and  moderate  ischemia  had  no  effect  upon 

this  reaction.  ,  ,  i 

Topical  application  of  an  alcoholic  solu¬ 
tion  of  adrenal  extract,  besides  delaying 
wound  healing,  was  found  to  reduce  granula¬ 
tion  tissue,  with  inhibition  of  proliferation  of 
fibroblasts  and  vascular  endothelium.  Delay 
in  the  appearance  of  fibroblasts  and  pro¬ 
longed  immaturity  of  the  collagen  were  not¬ 
ed  in  nonpenetrating  wounds  of  the  cornea 
(14)  whether  the  cortisone  was  locally  ap¬ 
plied  or  given  systemically.  Dougherty  (66) 
showed  a  correlation  between  local  utiliza- 
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tioii  of  cortisone  and  the  degree  of  experi¬ 
mental  inflammation,  and  he  stressed  the 
local  “antii)hlogistic”  action  of  cortisone. 
Spain  (267)  showed  that  healing  of  skin 
wounds  in  mice  was  depressed  if  cortisone  was 
given  in  doses  comparable  with  what  is 
given  therapeutically  in  man.  In  human 
skin  wounds,  Creditor  et  at.  (51)  showed  his¬ 
tologically  that  cortisone  delayed  healing, 
with  inhibition  of  granulation  tissue,  in 
spite  of  overgrowth  of  epithelium.  Injection 
of  hyaluronidase  had  no  effect  on  this  in¬ 
hibition  of  healing,  and  it  seemed  unlikely 
that  cortisone  was  acting  in  any  sense  as  an 
antihyaluronidase. 

Castor  and  Baker  (38)  found  that  pro¬ 
longed  local  application  of  alcoholic  solu¬ 
tions  of  cortisone  and  compound  F  to  the 
skin  of  the  rat  resulted  in  cessation  of  hair 
growth,  diminution  in  size  of  sebaceous 
glands,  thinning  of  the  dermis,  and  lessening 
of  the  number  of  connective  cells.  This  again 
emphasizes  species  differences  in  response  to 
steroids,  as  no  such  effects  are  seen  in  man. 

The  early  phase  of  inflammatory  reaction 
in  the  skin  as  produced  by  locally  applied 
irritants  (192)  or  by  burns  (195)  is  markedly 
reduced  by  cortisone.  During  the  first  24 
hours  the  red  cell  diapedesis,  capillary  dam¬ 
age,  and  edema  are  delayed  by  cortisone. 
.■\n  effect  upon  the  capillary  walls  is  consid¬ 


ered  to  be  of  primary  importance. 

Experiments  purporting  to  show  tha 
cortisone  has  a  direct  antihyaluronidase  e; 
feet  in  connective  tissue  owe  much  of  thei 
misinterpretation  to  failure  to  allow  for  th 
effect  of  cortisone  upon  the  small  blood  ves 
sels,  both  in  repair  processes  and  in  the  mor 
acute  phases  of  inflammatory  reactions.  It  i 
clearly  seen  that  cortisone  prevents  the  vas 
cularization  of  the  cornea  (138).  Ashton  am 
Cook  (7)  followed  the  effect  of  cortisone  oi 
vascularization  of  wounds  in  the  rabbit’s  ea 
as  seen  through  the  transi)arent  chamber 
and  they  attributed  delay  in  wound  healin' 
to  the  vasotonic  effect  of  cortisone  on  th! 
capillaries.  Ebert  and  W'issler  (75)  studiec 
more  acute  reactions  through  the  transpar 
ent  chamber  in  the  rabbit’s  ear  and  foum 
that  cortisone  reduced  the  vasodilatatioi 


and  endothelial  damage  of  hypersensitivity 
reactions  to  horse  serum.  Recent  work  by 
Ebert  (74)  suggests  that  the  cortisone  effect 
may  be  modified  by  the  initial  caliber  of  the 
blood  vessels;  for,  experimentally,  corti¬ 
sone,  besides  raising  the  threshold  response 
of  the  vessels  in  the  rabbit’s  ear  to  the  vaso¬ 
dilator  effect  of  histamine,  will  also  raise  the 
threshold  response  of  these  vessels  to  the 
constrictor  effect  of  nor-adrenaline.  Levine 
(160)  finds  that,  in  the  adrenalectomized 
animal,  adrenal  cortical  extract  will  restore 
the  responsiveness  of  small  blood  vessels  to 
nor-adrenaline  (p.  103);  this  mechanism  was 
thought  to  be  of  great  importance  in  the 
fatigability  and  exhaustion  of  muscle  in  the 
adrenalectomized  animal.  The  response  of 
the  intact  animal  to  cortisone  may  be  differ¬ 
ent,  and  different  regions  of  the  body  may 
respond  in  different  ways,  but  there  seems  to 
be  little  doubt  that,  by  some  indirect  action, 
cortisone  has  an  important  effect  upon  the 
tonus  of  small  blood  vessels.  It  may  then  ap¬ 
pear  indirectly  to  affect  the  spreading  reac¬ 
tion  in  the  skin. 

Taubenhaus  and  his  associates  (282,  283) 
have  examined  the  effects  of  hormones  on 
granulation  tissue  in  some  detail,  using  the 
preparation  already  mentioned,  namely,  the 
wall  of  the  turpentine-produced  abscess  in 
the  rat,  both  intact  and  after  hypophysec- 
tomy.  Hypophysectomy  results  in  poor  pro¬ 
duction  of  granulation  tissue  and  poor  heal¬ 
ing,  and  this  is  reversed  by  growth  hormone 
from  the  anterior  pituitary.  Growth  hor¬ 
mone  also  increases  granulation  tissue  in  the 
intact  animal  and  reverses  the  depressant 
effect  of  sex  hormones  on  healing;  and  it  is 
suggested  that  sex  hormones  may  owe  their 
effect  on  granulation  tissue  to  inhibition  of 
release  of  growth  hormone.  The  effect  of 
growth  hormone  is  not  only  to  increase  the 
amount  of  granulation  tissue  but  also  to  pro¬ 
mote  healing;  that  is,  besides  increase  in  size 
and  number  of  fibroblasts,  there  is  increase 
m  the  formation  of  collagen  fibers.  It  was 
shown  that,  while  DOCA  would  increase 
granulation  tissue,  this  tissue  remains  primi- 
ive  in  appearance,  with  immature  fibro- 
basts  in  an  abundant  ground  substance, 
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while  fiber  formation  is  retarded.  DOCA  has 
to  be  given  in  advance  before  the  exp:>erimen- 
tal  wound  has  been  made,  and  it  is  consid¬ 
ered  that  its  effect  may  be  an  indirect  one, 
perhaps  resulting  from  electrolyte  changes. 

It  would  be  interesting  to  know  whether 
cortisone  has  any  effect  upon  the  growth  of 
fibroblasts.  Blunt  et  al.  (26)  found  that  the 
fibroblasts  in  healing  wounds  under  the  in¬ 
fluence  of  cortisone  showed  morphological 
changes.  Barber  and  Delaunay  (15)  found 
cortisone  to  have  an  inhibitory  effect  on  the 
growth  of  fibroblasts  from  chick  embryos  in 
tissue  culture;  but  it  should  be  noted  here 
that  enormous  amounts  of  steroids  were 
used.  Baldridge  et  al.  (11)  found  cortisone  to 
have  no  effect  upon  the  growth  of  chick 
fibroblasts  in  tissue  culture.  Porter  (237) 
suggested  that  there  was  no  change  in  mi¬ 
gration  or  proliferation  of  fibroblasts  under 
the  direct  influence  of  cortisone  but  that 
there  was  a  failure  of  fibrillogenesis;  and  he 
also  thought  that  compound  F  inhibited 
fibrillogenesis.  Chick  embryo  tissues  and 
healing  tissues  normally  take  up  inorganic 


sulfur  strongly;  but,  according  to  Layton 
(154),  cortisone  inhibits  this.  Layton  finds 
that  with  amounts  of  cortisone  that  inhibit 
sulfur  uptake  there  is  still  no  effect  on  the 
migration  of  fibroblasts.  Young  rat  litter- 
mates  were  studied  (155)  under  conditions 
of  controlled  sulfur  balance,  and  animals  re¬ 
ceiving  cortisone  were  found  to  be  in  nega¬ 
tive  sulfur  balance.  Layton  gives  a  compari¬ 
son  of  fixed  sulfate  in  the  skin  (Table  8). 

TABLE  8 

Chondroitin  Sulfate,  Mg.  per 
Gm.  Dried  Tissue 


Cortisonc-trcatcd .  1.6  ±0.5 

Controls .  6.2  ±0.3 


There  is  close  correlation  here  between 
the  uptake  of  sulfate,  which  is  evidently 
concerned  with  the  formation  of  the  chon¬ 
droitin  sulfate  of  ground  substance  and  the 
formation  of  collagen  fibrils,  just  as  the  for¬ 
mation  of  metachromatic  ground  substance 
and  that  of  reticulin  and  collagen  in  healing 
wounds  were  noted  to  be  closely  related. 


\TI.  THE  DEVELOPMENT  OF  GROUND  SUBSTANCE 


A.  ORIGIN  OF  GROUND  SUBSTANCE 

viscous  intercellular  substance  is  pres¬ 
ent  very  early  in  embryonic  development. 
Baitsell  (9)  studied  serial  sections  of  chick 
embryo  tissues  and  examined  live  chick  em¬ 
bryos  under  the  dissecting  microscope.  In 
the  early  embryo  the  forerunner  of  the  con¬ 
nective  tissue  is  a  transparent,  jelly-like, 
cell-free  ground  substance  which  fills  the 
space  between  ectoderm  and  endoderm,  it  is 
only  later  that  this  space  is  invaded  by 
mesenchymal  cells  which  have  migrated 
from  the  primitive  streak.  During  further 
development  of  the  embryo  the  ground  sub¬ 
stance  is  believed  to  be  secreted  by  the 
stellate  cells  of  the  mesenchyme  (175). 

While  nearly  all  the  cells  of  the  body  may 
contribute  to  the  medium  between  cells,  we 
have  to  consider  the  special  accumulations 
of  ground  substance  in  connective  tissues 

and  their  relation  to  the  fibers.  In  1861  Kol- 
liker  summarized  the  currently  held  view 


that  the  ground  substance  was  probably 
secreted  by  the  connective-tissue  cells,  but 
he  allowed  the  possibility  of  an  independent 
source  of  ground  substance  (148).  He  con¬ 
sidered  that  even  though  the  ground  sub¬ 
stance  might  not  be  formed  in  the  connec¬ 
tive-tissue  cells,  these  cells  influenced  both 
the  formation  of  ground  substance  and  the 
laying-down  of  collagen  fibers.  Today  the 
question  of  these  exact  relationships  is  still 
unanswered,  but  most  investigators  would 
agree  that  the  activity  of  fibroblasts,  the 
laying-down  of  ground  substance,  and  the 
formation  of  collagen  fibers  are  closely  inter¬ 
related.  Meyer  (182)  suggests  that  mucopoly¬ 
saccharides  and  native  soluble  collagen  are 
both  secreted  by  fibroblasts  and  that  the 
acid  mucopolysaccharides  play  a  part  in 
shaping  the  fibrous  protein. 

The  raw  materials  from  which  the  various 
connective-tissue  elements  are  formed  are 
presumably  derived  from  the  plasma,  the 
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proteins  of  which  may  contribute  to  the 
amino  acids  which  go  to  build  up  the  connec¬ 
tive-tissue  proteins  (84).  If  proteolytic  en¬ 
zymes  are  concerned  in  this  process,  which 
involves  transi)e|)tidization  (92),  it  appears 
that  acid  mucopolysaccharides  in  binding 
water  may  be  instrumental  in  allowing  j)ro- 
tein  synthesis  to  i)roceed  (248). 

Workers  with  tissue  cultures  of  fibro¬ 
blasts  have  argued  about  whether  reticulin 
and  collagen  fibers  are  formed  within  the 
fibroblast  or  whether  they  are  organized  in 
the  medium  after  i)recursor  substances  have 
been  secreted  by  the  cells;  but  most  workers 
agree  that  fibroblasts  are  essential  to  colla¬ 
gen  formation,  and  the  field  has  been  re¬ 
viewed  by  Porter  (287).  He  finds  that  it  is 
possible  to  produce  collagen  from  fibroblasts 
in  media  lacking  blood  and  other  tissue  com¬ 
ponents  (modified  Locke’s  fluid),  suggesting 
that  fibroblasts  contain  all  the  necessary 
material  for  forming  connective  tissue, 
though  the  fibrils  mostly  have  axial  periods 
of  220  A  instead  of  the  640  A  of  better-dif¬ 
ferentiated  collagen.  He  noticed  that  there 
was  some  nonfibrous  material  which  he 
thought  might  be  mucopolysaccharides  of 
ground  substance  and  that  this  merged  with 
collagen  and  might  be  contributing  to  its 
formation. 


Fetal  connective  tissue  contains  much 
mucopolysaccharide,  which  shows  variable 
metachromasia,  and,  although  the  subcuta¬ 
neous  tissue  is  strongly  metachromatic,  the 
dermis  usually  is  not  (298).  The  mucopoly¬ 
saccharides  may  be  extracted  with  water, 
and  it  is  im[)ortant  to  distinguish  glycogen, 
which  is  also  i)lentiful  in  fetal  ground  sub¬ 
stance.  (lersh  and  Catchpole  (96)  note  a 
gradual  change  from  the  primitive  ground 
substance  of  the  rat  at  birth  to  a  less  soluble 
more  highly  polymerized  state  as  the  animal 
ages,  wnth  increase  of  fibers  and  gradual  dif¬ 
ferentiation  of  basement  membranes  at  the 
junction  of  connective  tissue  and  eriithelial 
and  endothelial  structures. 

In  healing  wounds  a  stage  is  seen  at  which 
he  fibroblasts  have  increased  in  the  repair 
area  and  an  accumulation  of  metachromaUc 
ground  substance  is  present  (96,  32).  At  a 


later  stage,  when  collagen  fibers  are  being 
laid  dowm,  the  ground  substance  diminishes. 
This  relationship  between  fibroblast  activity 
and  ground-substance  accumulation  is  also 
seen  in  the  mucinous  accumulation  of 
monkey  sex  skin  (73),  in  the  developing 
cock’s  comb  (163),  and  in  productive  in¬ 
flammation  (1).  Some  of  the  fibroblasts  in 
areas  of  repair  contain  granules,  the  staining 
properties  of  which  suggest  that  they  may 
contain  mucopolysaccharides  (96),  w'hich 
are  being  secreted  into  the  ground  sub¬ 
stance  (169). 


B.  FIBRILLOGENESIS  AND  RECON¬ 
STITUTION  OF  FIBRILS 


Certain  kinds  of  collagen  (rat-tail  tendon, 
fish  swim  bladder)  can  be  dissolved  in  acetic 
acid,  to  yield  clear  viscous  solutions  (p.  394) 
from  which  fibrous  proteins  can  be  reprecipi¬ 
tated  with  saline  (214,  292).  Reconstitut¬ 
ed  fibers  studied  with  the  electron  micro¬ 
scope  (288)  show  either  the  axial  periods 
640  A  characteristic  of  collagen  or  no  char¬ 
acteristic  striations,  depending  upon  salt 
concentration  and  other  environmental  fac- 


LU1&.  viruss  uov;  nnas  that  tibers  reconsti¬ 
tuted  from  ichthyocol  (from  connective  tissue 
of  the  carp  swim  bladder)  cannot  be  ob¬ 
tained  free  of  carbohydrate.  The  acetic  acid 
extract  wms  thrice  purified  by  cathodal  elec¬ 
trode  deposition,  and  yet  fibers  reprecipitat¬ 
ed  by  salt  W'ere  not  free  of  hexosamine. 

Orekhovich  ef  at.  (224)  found  that  com¬ 
pact  collagen,  such  as  that  from  the  dermis, 
could  be  dissolved  in  a  citrate  buffer  of  pH 
3-4.5,  giving  a  viscous,  clear  extract  of  “pro¬ 
collagen,”  which  would  crystallize  on  dialy- 

r'  J^ighberger  and 

C.ross  (128)  e.xamined  the  conditions  under 
which  fibers  could  be  reprecipitated  from  pro¬ 
collagen  and  studied  these  fibers  under  the 
e  ectron  microscope.  They  found  fibers  with 
the  characteristic  64()  A  cross-striations  of 
collagen  and,  in  addition,  fibers  with  repeat¬ 
ing  axia  periods  of  2,()(K)-.?,(KKI  A,  which 
ley  called  “long-spaced  fibrils.”  These 

and  are  thought  to  be  due  to  an  excess  of 
mucopolysaccharitle  affecting  the  re,,recipi- 
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tation  of  collagen  fibrils,  as  this  type  of  fibril 
predominates  if  mucopolysaccharides  are 
added  to  procollagen.  It  has  been  suggested 
that  a  mucopolysaccharide,  such  as  heparin 
(197),  may  be  essential  to  the  formation  of 
collagen  fibers  because  of  its  effect  on  pro¬ 
collagen  precipitation;  but  the  evidence  is 
insufficient  to  support  this  view.  Wyckoff 
(303)  in  describing  the  fine  structure  of  col¬ 
lagen  under  the  electron  microscope  differ¬ 
entiates  between  the  disklike  640  A  eleva¬ 
tions  and  the  tiny  cross-threads  sometimes 
seen  running  over  these  larger  periodic  ele¬ 
vations.  Two  or  occasionally  three  such 
cross-threads  could  be  seen  in  clean  speci¬ 
mens,  and  he  thought  that  these  fine  de¬ 
tails  became  visible  only  when  adherent 
material,  probably  mucopolysaccharide,  had 
been  removed  from  the  libers. 

Little  is  known  of  the  structure  of  elastic 
fibers,  and  they  lack  the  periodic  cross-stria- 
tions  that  distinguish  collagen  under  the 
electron  microscope  (302).  There  is  evidence 
of  a  close  association  between  the  fibrous 
protein  of  elastin  and  a  special  cement  sub¬ 
stance  which  has  been  called  “elastomucin” 
(114).  Elastic  fibers  dissolved  by  pancreatic 
elastase  (12)  yielded  a  pure  preparation  for 
chemical  study  (Hd),  and  the  elastic  fiber 
was  thought  to  have  a  core  of  fibrous  protein 
“proelastin”  surrounded  by  an  outer  coat  of 
elastic  protein  combined  with  polysaccha¬ 
ride  and  sulfate  belonging  to  the  elastomu- 


cin,  or  cement. 

It  has  been  suggested  (180)  that,  in  the 
skin,  fibroblasts  secrete  the  mucopolysac¬ 
charides  of  the  ground  substance  and  the 
iirecursor  materials  of  connective-tissue 
fibers,  though  additions  are  probably  made 

from  the  interstitial  fluid. 

It  is  possible  that  in  certain  circum- 
stances  other  cells  may  secrete  hyaluronic 
acid.  Tissue  cultures  from  the  synovium  ol 
the  rabbit  knee  joint  (2«))  grew  cel  s  mor- 
Tihologically  distinct  from  fibroblasts,  and 
these  synovioblasts  had  varying  y  met  - 
chromatic  cytoplasmic  granules.  '  “ 

form  mucin  anil  also  contain  a 
ferment.  The  culture  may  revert  to  libro 
blaTt  form,  in  which  case  it  stops  producing 


mucin.  Meyer  (179)  describes  how  hyalu¬ 
ronic  acid  was  isolated  from  a  synovioma 
not  only  at  its  original  site  but  also  from  a 
metastatic  deposit  in  the  liver. 

The  skin  is  capable  of  rebuilding  its 
mucopolysaccharide  fairly  rapidly,  and 
McClean  (200)  noticed  that  the  effect  of  tes¬ 
ticular  extract  on  the  spreading  of  dye  in  the 
skin  would  wear  off  after  between  24  and  48 
hours.  By  waters  (37)  found  some  variation  in 
the  time  of  recovery  of  the  skin  with  age,  but 
the  usual  time  to  restore  the  barrier  to  spread¬ 
ing  after  hyaluronidase  had  been  injected 
was  24-48  hours.  Hemoglobin  was  used  as 
an  indicator  of  spreading  in  the  skin.  The 
time  for  reconstitution  of  the  dermal  barrier 
was  ])rolonged  in  rheumatoid  arthritis  and  in 
acute  rheumatic  fever,  and  the  authors  sug¬ 
gested  that  this  might  be  in  some  way  relat¬ 
ed  to  the  pathogenesis  of  these  diseases. 


C.  M.A.ST  CELLS 

Asboe-Hansen  (4)  brings  forward  some 
evidence  for  the  view  that  hyaluronic  acid  is 
secreted  by  the  mast  cells  of  Ehrlich  from  a 
leparin-like  precursor.  His  main  argument 
s  that  wherever  there  is  a  notable  accumu- 
ation  of  mucopolysaccharide,  there  will  be 
found  numerous  mast  cells,  as  in  the  um¬ 
bilical  cord  (238,  136),  in  synovial  mem¬ 
brane  (5),  in  the  eye,  and  in  myxedema  cutis. 
He  states  that  the  pituitary  thyrotrop¬ 
ic  hormone  increases  the  number  of  mast 
cells,  whereas  thyroid  extract  reduces  mast 
cells’ and  connective-tissue  mucin,  and  cor¬ 
tisone  reduces  the  number  of  mast  cells  (6, 
40).  Asboe-Hansen  (5)  finds  that  injection  of 
hyaluronidase  into  the  skin  removes  hyalu¬ 
ronic  acid  and  leads  to  the  discharge  of 
granules  from  mast  cells  but  that,  after  24 
72  hours,  re-formation  of  large  mast-cell 
granules  is  seen  prior  to  reconstruction  of 
the  dermal  hyaluronate.  All  will  not  agree 
that  the  number  of  mast  cells  in  granulation 
tissue,  for  instance,  is  impressive^  in¬ 
creased,  and  at  present  there  is  insulficient 
evidence  for  ascribing  the  role  o  hyaluron¬ 
ate  formation  to  mast  cells.  As  long  as  the 
granules  in  mast  cells  and  in  hbro'^'^^ts  are 
both  variously  metachromatic  and  F.A.b. 


Connective-T  issue 

positive,  some  of  us  may  have  difficulty  in 
deciding  which  cell  is  which. 

Jorpes  (140,  139)  established  the  mast 
cell  as  a  source  of  heparin.  He  finds  that  the 
heparin  is  in  the  form  of  a  monosulfuric  acid 
ester  and  that,  after  release  from  the  cell,  it 
may  be  in  the  form  of  di-  and  trisulfuric 
esters.  It  is  in  the  more  highly  sulfated  form 
that  the  heparin  is  active  as  an  anticoagu¬ 
lant  and  more  freely  soluble  in  water.  The 
more  sulfated  forms,  how^ever,  are  no  longer 
P.A.S.-positive,  while  the  monosulfuric  acid 
ester  as  found  in  the  mast  cell  has  available 
groups  for  oxidation  with  periodic  acid.  This 
mast-cell  heparin  has  equal  parts  of  glucos¬ 
amine,  uronic  acid,  and  sulfuric  acid.  Acid 
hydrolysis  of  this  material  is  slow  compared 
with  hyaluronic  acid  and  chondroitin  sul¬ 
furic  acid.  Sylven  (279)  used  differential  ex¬ 
tractions  of  mast-cell  cytoplasm  to  show  that 
the  heparin  was  not  in  the  coarse  granules 
but  was  present  as  an  amorphous  coating. 
He  thought  that  the  heparin  here  w'as  proba¬ 
bly  linked  to  lipoprotein. 

Mast-cell  tumors  are  fairly  common  in 
the  skin  of  dogs  and  show  varying  grades  of 
malignancy.  Bloom  and  his  associates  (225) 
succeeded  in  cultivating  mast  cells  from 
such  a  tumor  in  vitro.  Mast  cells  grew  out  in 
sheets  and  appeared  to  inhibit  the  growth  of 
other  cells.  Metachromatic  granules  were 
seen,  and  amoebic  movements  of  the  mast 
cells  could  be  followed.  Oliver  (219)  had 
been  able  to  extract  large  amounts  of  physi¬ 
ologically  active  heparin  from  mast-cell 
tumors  of  dogs,  in  which  the  amount  of 
heparin  obtained  would  depend  on  the  de¬ 
gree  of  differentiation  of  the  tumor.  Evi¬ 
dently,  the  heparin  remains  inactive  as  long 
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as  it  is  w'ithin  the  cell,  as  these  animals  have 
no  disorder  of  blood  coagulation.  Bloom 
(25)  found  that  a  malignant  mast-cell  tumor 
of  the  dog  regressed  both  macroscopically 
and  microscopically  under  the  influence  of 
cortisone.  Ehrich  and  his  associates  (77)  re¬ 
port  the  interesting  case  of  a  man  with  enor¬ 
mous  elephantiasis  of  the  scrotum.  The  ex¬ 
cised  tissue  was  found  to  contain  very  many 
mast  cells  around  the  small  blood  vessels, 
and  from  this  tissue  they  were  able  to  ex¬ 
tract  heparin,  which  would  act  as  an  anti¬ 
coagulant  in  animals.  They  obtained  126 
mg.  purified  heparin  per  kilogram  of  scrotal 
tissue.  It  is  to  be  noted  here  also  that  the 
man  had  no  blood-clotting  disorder. 

Drennan  (67)  studied  mast  cells  such  as 
occur  under  the  mucosa  of  the  tongue  and 
esophagus  in  the  human,  and,  while  they  all 
contain  metachromatic  granules,  compara¬ 
tively  few  of  them  are  P.A.S.-positive.  How'- 
ever,  the  mast  cells  of  the  skin  in  urticaria 
pigmentosa  are  nearly  all  P.A.S.-positive 
‘(probably  because  the  heparin  is  present  as 
monosulfate  ester).  If  the  skin  of  an  urti¬ 
caria  pigmentosa  lesion  has  been  stimulated 
just  before  biopsy  is  performed,  the  mast 
cells  will  have  discharged  their  granules,  be¬ 
coming  swollen  and  diffusely  metachromatic 
or  burst  and  shrunken.  It  is  suggested  that 
in  the  presence  of  edema  the  mast  cell  im¬ 
bibes  fluid  (the  heparin  being  strongly  hy¬ 
drophilic),  and  the  cells  swell  and  may 
burst.  The  recent  demonstration  of  hista¬ 
mine  in  tissues  with  high  mast-cell  content^ 
is  of  very  great  interest,  and  it  seems  prob¬ 
able  that  mast  cells  release  histamine  as 
well  as  heparin. 


VIII. 


GROUND  SUBSTANCE 


IN  SOME  PATHOLOGICAL  CONDITIONS 


A.  CONNECTIVE-TISSUE  CHANGES 
IN  AGING  SKIN 

The  most  obvious  change  which  takes 
place  in  the  skin  with  aging  is  loss  of  elastici¬ 
ty;  though  this  may  be  partly  due  to 
changes  in  the  fibrous  connective  tissue  it 
is  mainly  the  hydration  of  the  dermis  that 
IS  altered.  The  extensibility  of  the  skin  is 


largely  related  to  its  state  of  hydration  (253) 
(p.  6),  and  this,  in  turn,  is  probably  relat¬ 
ed  to  Its  content  of  mucopolysaccharide,  of 
which  hyaluronic  acid  is  powerfully  hygro¬ 
scopic.  Halliburton  (1 15)  pointed  to  a  higher 


1.  J.  F.  Riley  and  G.  B.  West,  The  presence  of 
hisUmine  in  tissue  mast  cells,  J.  Physiol.,  120:528, 
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mucin  content  in  the  skin  of  children  as  com¬ 
pared  with  that  of  adults,  but  no  satisfac¬ 
tory  chemical  data  are  available.  In  animals 
there  is  progressive  diminution  of  skin  hy¬ 
dration  with  aging.  Gersh  and  Catchpole 
(06)  found  much  water-soluble  ground  sub¬ 
stance  in  the  skin  of  the  newborn  rat;  but 
with  aging  there  was  a  progressive  loss  of 
water-soluble  ground  substance,  and  fibers 
and  basement  membranes  appeared  to  dif¬ 
ferentiate  at  the  expense  of  the  ground  sub¬ 
stance.  Orekhovich  (223)  found  a  diminu¬ 
tion  of  ‘‘procollagen”  extractable  from  the 
dermis  wdth  increasing  age  in  guinea  pigs, 
and  he  related  this  to  diminution  in  fibro¬ 
blast  activity  and  to  diminished  fibrillogene- 
sis  in  general. 

A  particular  change  in  the  exposed  skin  of 
old  people  is  the  so-called  “senile  elastosis,” 
in  which  the  connective  tissue  in  the  sub- 
paj)illary  corium  shows  relative  basophilia 
and  staining  wdth  acid  orcein.  Unna  (286) 
thought  that  this  was  a  merging  of  collagen 
with  elastic  fibers.  In  senile  skin  Percival 
(228)  found  the  collagen  fibers  to  be  elongat¬ 
ed  and  tortuous,  with  these  degenerate 
fibers  containing  fat  globules.  Recent  studies 
with  the  electron  microscope  (285)  revealed 
in  this  degenerate  connective  tissue  much 
amorphous  material  which  may  belong  to 
the  ground  substance  merging  with  fibers 
lacking  the  cross-striations  of  collagen  and 
showing  abnormal  kinking,  together  with 
some  normally  striated  collagen  fibers  of  the 
same  diameter.  The  degenerate  collagen 
fibers  were  susceptible  to  digestion  with 
trypsin.  There  is  evidently  no  increase  in 
elastic  fibers  in  this  condition,  in  spite  of  the 
staining  reaction,  the  change  being  a 
marked  accumulation  of  amorphous  ma¬ 
terial  of  ground  substance  merging  with 
degenerate  collagen  fibrils.  Gross  (108)  ex¬ 
amined  the  electron  microscojiic  ajipearance 
of  the  skin  of  the  rat  from  the  point  of  view 
of  aging.  In  the  newborn  animal  there  was 
a  large  amount  of  amorphous  material 
(ground  substance)  which  was  inclined  to 
obscure  the  libers  of  collagen.  it  could  be 
easily  washed  away  with  water.  W  ith  older 


skins  there  was  less  amorphous  ground  sub¬ 
stance  clinging  to  the  fibers,  but  such  as  was 
present  was  more  difficult  to  remove.  In 
these  studies  the  collagen  fibrils  showed  the 
same  essential  striation  at  different  ages, 
though  in  older  animals  the  collagen  fiber 
bundles  had  a  greater  average  diameter  than 
in  the  younger  ones.  Gross  found  the  same 
difference  between  infant  and  aged  human 
skin  (107). 

It  is  not  always  the  hydration  of  the 
ground  substance  that  is  the  main  factor  in 
elasticity.  The  extreme  elasticity  of  the  skin 
in  Ehlers-Danlos  syndrome  is  one  instance 
in  which  the  elastic  fibers  themselves  are 
greatly  increased  in  number,  and  Tunbridge 
(285)  has  shown  that  under  the  electron 
microscope  these  are  indeed  elastic  fibers.  It 
should  be  mentioned  that  collagen  fibers, 
while  having  little  intrinsic  elasticity,  do 
allow  of  reversible  stretching  through  their 
organization  into  flexible  networks  (p.  6). 

B.  MUCOID  DEGENERATION  AND 
FIBRINOID  DEGENERATION 

Pathological  changes  in  the  ground  sub¬ 
stance  are  insufficiently  well  understood  to 
allow  of  iaterpretation  in  terms  of  altered 
functioning  of  the  connective  tissue.  Great 
interest  has  been  focused  upon  the  group  of 
diseases  that  Klemperer,  Pollack,  and  Baehr 
(146)  characterized  as  having  systemic  al¬ 
terations  in  the  connective  tissue,  namely, 
systematized  lupus  erythematodes,  rheu¬ 
matic  fever,  rheumatoid  arthritis,  sclero¬ 
derma,  dermatomyositis,  serum  sickness, 
and  polyarteritis  nodosa.  Interesting  re¬ 
views  of  this  field  of  pathology  are  those  of 
Klemperer  (145)  and  Ehrich  (76).  Com¬ 
monly  seen  in  these  diseases  are,  first,  mu¬ 
coid  degeneration,  which  may  depend  uiion 
an  increase  or  change  in  the  mucopolysac¬ 
charides  of  the  ground  substance,  and,  sec¬ 
ond,  fibrinoid  degeneration  or  necrosis.  1  his 
latter  pathological  change  is  thougdit  to 
represent  a  combination  of  protein  (derived 
either  from  local  tissue  damage  or  from  the 
blood)  (103)  with  mucoiiolysaccharides  ot 
the  ground  substance  (1).  Either  t>pe  o 
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degeneration  may  be  followed  by  hyalinosis 
or  sclerosis.  None  of  these  connective-tissue 
changes  is  specific  for  the  diseases  men¬ 
tioned,  for  they  may  be  found  in  all  manner 
of  damage  to  connective  tissue,  but  their 
prevalence  in  the  so-called  “connective-tis¬ 
sue  diseases”  is  emphasized.  It  is  hardly 
justifiable  to  suggest  a  disorder  of  collagen, 
on  the  one  hand,  or  of  ground  substance,  on 
the  other,  as  so  little  is  known  of  the  normal 
physiology  of  fibers  and  of  ground  sub¬ 
stance,  although  what  is  most  evident  is 
that  they  are  closely  interdependent.  For 
instance,  in  scleroderma,  where  alteration  of 
collagen  fibers  has  been  considered  to  be  the 
most  striking  pathological  change,  examina¬ 
tion  of  the  diseased  skin  under  the  electron 
microscope  reveals  an  excess  of  amorphous 
material  probably  belonging  to  the  ground 
substance,  with  no  obvious  qualitative  ab¬ 
normality  of  the  collagen  fibrils  (264);  and 
the  same  may  be  true  of  other  conditions 
formerly  grouped  together  as  “collagen  dis¬ 
eases.” 

C.  AMYLOIDOSIS 

The  most  striking  changes  in  the  ground 
substance  are  seen  in  amyloid  disease,  which 
is  remarkable  for  extracellular  accumulation 
of  metachromatic  material.  Hass  (117)  has, 
by  differential  extraction,  shown  amyloid  to 
consist  mainly  of  protein,  together  with  ^-1 
per  cent  of  carbohydrate  (containing  hexos- 
amine,  uronic  acid,  acetyl  and  sulfate 
groups).  Meyer  (179)  found  the  carbo¬ 
hydrate  of  amyloid  to  be  a  monosulfuric 
acid  ester  with  acetylhexosamine  and  uronic 
acid;  this  rather  resembles  heparin  and  is 
not  affected  by  hyaluronidase.  Meyer 
thought  that  amyloid  might  be  an  excessive 
accumulation  of  a  cement  substance  nor¬ 
mally  present  in  the  connective  tissue  in 
amounts  too  small  to  be  detected.  Ehrich 
(76)  suggests  that  the  main  abnormal  con¬ 
stituent  of  amyloid  may  be  a  protein  (globu¬ 
lin),  produced  by  some  deviation  in  the  im¬ 
munity  mechanism  in  secondary  amyloidosis. 
Experimental  work  on  amyloid  (118)  sup¬ 
ports  the  clinical  conception  of  some  altera¬ 
tion  in  the  immunity  reaction,  involving  ab¬ 


normal  protein  accumulation  in  the  ground 
substance.  In  primary  amyloidosis  or  par¬ 
amyloidosis,  i)lasma-cell  increase  or  actual 
myelomatosis  is  usually  jiresent,  and  exces¬ 
sive  or  abnormal  protein  synthesis  by  these 
cells  is  thought  to  be  the  origin  of  the  de¬ 
posits  in  the  ground  substance  (76,  127, 


293). 

A  relationship  between  scurvy  and  amy¬ 
loidosis  has  been  suggested  by  Pirani  (232). 
With  experimental  sodium  caseinate  in¬ 
jections  in  mice,  Teilum  (284)  found  that 
ascorbic  acid  reduced  the  incidence  of  amy¬ 
loidosis,  while  cortisone  increased  it;  but  he 
considers  that  these  effects  are  not  directly 
upon  the  extracellular  components  of  con¬ 
nective  tissue  but  rather  upon  the  cells  of 
the  reticuloendothelial  system  and  plasma 
cells.  The  suggestion  that  degraded  ground 
substance  from  the  connective  tissue  in 
scurvy  may  lead  to  high  blood  levels  of 
glycoprotein  (232)  has  already  been  criti¬ 
cized  on  the  ground  that  no  relationship  has, 
in  fact,  been  demonstrated  between  this 
glycoprotein  and  the  connective  tissue;  and 
the  further  suggestion  (233)  that  this  muco- 
protein  may  then  be  deposited  in  the  con¬ 
nective-tissue  ground  substance  as  amyloid 
is  open  to  question.  Engel  (81)  provides  an 
interesting  parallel  in  considering  the  action 
of  parathyroid  hormone,  which  leads  to  ex¬ 
cessive  mobilization  of  mucopolysaccharides 
from  bone  and  cartilage.  A  rise  in  serum 
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quent  renal  damage  is  thought  to  be  the  re¬ 
sult  of  blocking  of  the  renal  tubules  with 
mucoprotein,  with  or  without  the  addition 
of  calcium  phosphate.  But,  of  course,  the 
same  criticism  must  be  applied  here,’  the 
serurn  mucoprotein  being  entirely  different 
chemically  from  the  skeletal  ground-sub- 
stance  mucopolysaccharides.  Degraded  hyal¬ 
uronic  acid  may,  however,  be  mobilized  as 
a  result  of  the  injection  of  hyaluronidase 
into  the  skin;  and  Butt  (34)  found  alteration 
of  urinary  colloids  as  a  result  of  hyaluronic 
acid  e.xcretion  and  suggested  that  this  mech- 
amsm  might  be  of  im|rortance  in  connection 
with  calculus  formation  in  the  urinary  tract 
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D.  IMMUNITY  MECHANISM  AND  THE 
CONNECTIVE  TISSUE 


There  is  no  known  relationship  between 
the  ground  substance  and  the  normal  im¬ 
mune  mechanism,  though  an  early  phase  in 
allergic  granulomatous  reactions  (76)  in¬ 
volves  accumulation  of  connective-tissue 
mucin.  However,  fibroblasts,  along  with 
other  cells  of  the  mesenchyme,  may  con¬ 
tribute  to  antibody  formation  (83);  and 
Coons  (50)  finds  that  there  is  some  evidence 
that  an  antigen  may  be  adsorbed  onto  the 
collagen  fibers,  in  which  case  the  ground 
substance  which  probably  coats  these  fibers 
may  be  involved.  In  this  interesting  work, 
an  antigen  is  located  by  incubating  tissue  in 
a  solution  containing  antibody  conjugated 
with  fluorescein  isocyanate,  so  that  the  fluo¬ 
rescent  antibody  becomes  fixed  at  the  sites 


of  the  antigen. 

Since  the  discovery  of  the  pneumococcal- 
specific  soluble  substances  by  Dochez  and 
Avery  in  1917  (60),  important  immunologi¬ 
cal  work  has  centered  upon  the  bacterial 
polysaccharides  such  as  are  responsible  for 
penumococcal  type  specificity  (126,  125), 
and  it  is  noted  that  many  polysaccharides 
function  as  haptens  (150),  conferring  spec¬ 
ificity  when  linked  with  the  protein  com¬ 
ponent  of  an  antigen.  For  instance,  the  pro¬ 
tein  moiety  of  the  somatic  antigen  of  Shigel¬ 
la  shigae  combined  with  a  polysaccharide, 
such  as  agar,  would  produce  antibodies 
capable  of  reacting  specifically  with  that 
polysaccharide  (196).  It  has  been  found  that 
hyaluronic  acid  when  linked  to  protein  does 
not  behave  like  an  antigen  (144,  133,  126)  or 
a  hapten;  and  the  same  is  true  of  natural 
mammalian  {xilysaccharides,  such  as  chon- 
droitin  sulfate  and  glycogen.  However, 
Glynn  and  Holborow  (101)  succeeded  in 
sensitizing  rabbits  to  a  combination  of 
chondroitin  sulfuric  acid  and  ^-hemolytic 
streptococci,  and  in  this  experiment  the  ani¬ 
mals  developed  arthritis.  Alone,  neither  the 
chondroitin  sulfate  nor  the  streptococci  pro¬ 
duced  these  changes.  Some  such  mechanism 
of  autoantibody  formation  might  be  of  im- 
Tiortance  in  the  rheumatic  diseases. 

W'hile  the  production  of  hyaluronidase  by 


various  cocci  and  clostridia  cannot  be  re¬ 
lated  to  the  virulence  of  these  organisms  or 
to  the  infective  process  (190),  the  production 
of  hyaluronic  acid  by  just  those  strains  of 
/3-hemolytic  streptococci  that  are  associated 
with  rheumatic  fever  has  attracted  much 
attention  (240).  A  biological  confusion  of 
the  immunity  mechanism  may  underlie  the 
pathogenesis  of  some  of  the  so-called  “colla¬ 
gen  diseases,”  such  as  systematized  lupus 
erythematodes. 

E.  THE  CAPILLARY  WALLS 

A  structural  and  functional  component  of 
the  capillary  wall  is  the  cement  substance 
surrounding  the  endothelial  cells  and  merg¬ 
ing  with  the  connective  tissue;  and  if  this 
cement  is  included  under  the  heading  of 
“ground  substance,”  this  discussion  could 
be  extended  into  many  realms  of  physiol¬ 
ogy.  The  P.A.S.-positive  staining  sleeve  sup¬ 
porting  the  capillary  endothelium  may  well 
be  a  special  condensation  of  ground  sub¬ 
stance  (96,  276)  similar  to  the  basement 
membranes  at  the  junctions  between  epi¬ 
thelium  and  connective  tissue,  but  we  have 
no  precise  information  concerning  its  chem¬ 
ical  structure.  These  vessel  cements  may 
contain  complexes  of  chondroitin  sulfuric 
acid — but  this  is  purely  speculative.  Meyer 
(179)  remarks  that  hyaluronic  acid  has 
never  been  demonstrated  in  the  vessel  walls 
and  that  purified  hyaluronidase  has  no  ef¬ 
fect  on  them.  Zweifach  and  Chambers  (305) 
found  the  capillary  walls  to  contain  an 
intercellular  cement  substance  between  the 
endothelial  cells  and  discovered  that  this 
cement  would  allow  exudation  if  calcium 
ions  were  removed  from  the  perfusing  fluid 
(p.  64).  Hyaluronidase  introduced  into  the 
circulation  has  no  effect  upon  capillary 
permeability,  but  there  is  an  outer  sheath  to 
the  capillary  wall  which  is  softened  if  hya¬ 
luronidase  is  applied  by  micropipette  to 
reach  the  cai)illary  wall  from  the  outside. 
Zweifach  and  Chambers  thought  it  unlikely, 
however,  that  this  latter  medianism  would 
be  ojierative  under  physiological  conditions. 
Other  workers  (80,  19)  claimed  that  large 
amounts  of  hyaluronidase  introduced  into 
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the  circulation  of  animals  affected  the 
capillary  walls  in  such  a  way  as  to  allow 
extravasation  of  fluid  and  colloidal  dye  into 
the  tissues.  And  the  fact  that  the  giving  of 
cortisone  reversed  this  effect  on  blood  vessel 
walls  was  interpreted  as  an  “antihyaluroni- 
dase”  effect  of  cortisone.  It  has  subsequently 
been  demonstrated  that  purified  hyaluroni- 
dase  has  no  such  effect,  so  that  the  factor 
which  caused  vascular  damage  in  the  earlier 
experiments  was  evidently  an  impurity,  pos¬ 
sibly  causing  release  of  histamine.^  The 


effect  of  cortisone  and  ACT  H  upon  the 
tonus  of  small  vessels  is  of  the  greatest  im¬ 
portance;  this  was  briefly  discussed  on  page 
445.  Robson  and  Duthie  (250,  251)  used  a 
negative-pressure  cu[)  for  measuring  the 
capillary  resistance  in  human  skin  and  were 
able  to  show  a  raised  capillary  resistance 
under  the  influence  of  cortisone  and  ACTH 
and  under  the  influence  of  stress.  \\  ith 
DOCA  there  was  a  fall  in  capillary  resist¬ 
ance,  while  testosterone  and  estradiol  had  no 
effect. 


IX.  BRIEF  REVIEW  OF  FUNCTIONS  OF  GROUND  SUBSTANCE 


In  the  ground  substance  of  the  skin  there 
appear  to  be  approximately  equal  amounts 
of  hyaluronic  acid  and  chondroitin  sulfuric 
acid  (226).  The  hyaluronic  acid  is  probably 
present  in  an  easily  dissociable  complex  with 
protein;  but  little  is  known  of  the  proteins 
of  the  ground  substance  except  that  they 
are  nonhbrous  and  contain  tyrosine  and 
tryptophane  and  are  easily  digested  by 
trypsin,  thus  being  markedly  different  from 
collagen.  The  protein  is  a  major  structural 
component  of  the  ground  substance  of  loose 
connective  tissue,  as  Day  has  shown  (56), 
and  it  is  probably  equally  important  in  the 
ground  substance  of  the  dermis.  As  a  hy¬ 
drated  gel  the  hyaluronic  acid  plays  an  im- 
{)ortant  part  in  the  water  binding  of  the 
dermis,  and  this  hydrated  ground  substance 
is  undoubtedly  important  in  giving  the  skin 
additional  toughness,  elasticity,  and  resili¬ 
ence.  It  may  well  also  have  a  kind  of  lu¬ 
bricating  function  in  the  skin  in  relation  to 
the  fiber  bundles,  just  as  hyaluronic  acid  is 
what  gives  the  joint  fluid  its  essential  lu¬ 
bricating  property  (254). ^  The  gelatinous 
ground  substance  acts  as  a  barrier  to  the 
spread  of  infection  and  probably  offers  re¬ 
sistance  to  the  spread  of  some  tumors, 
though  the  evidence  on  this  point  is  con¬ 
flicting.  Chondroitin  sulfuric  acid  as  a  com- 

2.  W.  Fel(ll)erK  and  .\.  .\.  Miles,  Regional  varia¬ 
tions  of  increased  permeability  of  skin  cajjillaries  in¬ 
duced  by  histamine  liberator  and  their  relation  to 
histamine  content  of  skin,  J.  Physiol.,  120:205,  1953. 


plex  with  protein  would  appear  to  have  a 
special  role  in  skeletal  support.  Its  relation 
to  weight-bearing  is  described  by  Matthews 
(171),  who  compared  the  ratio  of  chon¬ 
droitin  sulfate  to  collagen  in  different  parts 
of  the  same  joint  cartilage  and  found  this 
ratio  to  be  higher  in  the  weight-bearing 
areas  of  cartilage  than  in  the  nonweight¬ 
bearing  areas.  In  the  skin,  however,  we  do 
not  know  the  distribution  of  chondroitin 
sulfate.  It  is  easy  to  imagine  that  it  is  par¬ 
ticularly  abundant  in  the  basement  mem¬ 
branes,  which  resist  hydrolysis  by  hyalu- 
ronidase;  however,  we  do  not  have  any  exact 
information  here.  Meyer  (189)  suggests  that 
the  chondroitin  sulfuric  acid  might  act  as  a 
cation  exchange  resin  in  regulating  the 
passage  of  electrolytes  or  binding  inorganic 
ions. 

If  one  considers  that  fluid  and  metabolites 
of  all  kinds  must  pass  through  the  connec¬ 
tive-tissue  barrier  between  the  blood  ves¬ 
sel  and  the  parenchyma  and  that  it  is 
essentially  the  ground-substance  continuum 
through  which  everything  must  pass,  then 
this  would  seem  to  be  one  of  the  most  ver¬ 
satile  media  in  the  body,  and  it  is  remark¬ 
able  that  it  functions  so  well,  even  though 
we  know  so  little  about  it. 


...  V.  ana  j.  r..  i;tanier.  The  physio¬ 

logical  function  of  hyaluronic  acid  in  synovial  fluid- 

properties,  J.  Physiol.’ 
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I.  GLYCOGEN  AND 

T  Tistochemical  evidence  indicates  that 
A  A  there  is  considerable  storage  of  glyco¬ 
gen  in  human  and  animal  skin  in  the  first 
half  of  fetal  life  (45).  In  a  very  remarkable 
manner  the  epidermis  stores  glycogen  as 
long  as  the  liver  has  not  taken  up  this  func¬ 
tion.  In  the  earliest  stages  all  epidermal 
cells,  excepting  those  in  mitotic  division, 
contain  much  glycogen  (52).  With  the  de¬ 
velopment  of  multiple  layers  in  the  epi- 
derrnis,  the  amount  of  glycogen  gradually 
diminishes.  According  to  old  data  (45),  the 
glycogen  content  of  the  skin  in  the  newborn 
is  from  only  ().()()6  to  0.05  jier  cent  of  the  wet 
weight. 

Whereas  in  extrauterine  life  the  mucous 
layer  contains  only  small  amounts  of  glyco¬ 
gen,  it  can  be  demonstrated  histochemically 
with  great  ease  in  several  differentiated  ele¬ 
ments  of  the  normal  skin  throughout  life. 
Many  components  of  the  hair  follicles  are 
ndi  in  glycogen  (34),  and  the  external  root 
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sheath  cells,  in  particular,  are  “virtually 
packed”  with  it  (34).  The  presence  of  glyco¬ 
gen  in  eccrine  (and  apocrine?)  sweat  glands 
and  in  sebaceous  glands  was  mentioned  on 
pages  190  and  331.  Probably  the  most  im¬ 
portant  sites  of  glycogen  in  the  skin  are  the 
keratogenous  zones  of  epidermis  and  hair. 
The  possible  significance  of  glycogen  synthe¬ 
sis  for  the  keratinization  process  was  dis¬ 
cussed  in  detail  in  chapter  16  (p.  373). 

It  has  remained  unexplained  that  al¬ 
though  glycogen  cannot  be  demonstrated 
histochemically  in  fully  keratinized  ma¬ 
terials,  hair  contains  large  amounts  of  it 
Bolliger  and  McDonald  (8)  found  400  mg^ 
per  cent  of  glycogen  in  the  aqueous  extracts 
of  rabbit  hair  ({>.  374).  According  to  these 
authors,  it  could  be  the  glycogen  granules  in 
the  lower  half  of  the  outer  root  sheath  of  the 
hair  which  become  deposited  in  or  on  the 
keratin  of  the  hair  fiber.  Still,  Bolliger  (7) 
emphasizes  that  the  glycogen  found  in  the 
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hair  fiber  has  apparently  lost  the  staining 
properties  it  possesses  in  the  root  sheath  and 
becomes  demonstrable  in  the  hair  shaft  only 
when  isolated  in  hair  extracts.  Possibly, 
glycogen  is  bound  chemically  by  keratin,  so 
that  it  loses  its  histochemical  color  reac¬ 
tions,  but  it  can  be  liberated  by  extraction 
with  water.  Thus  the  old  {problem  of  whether 
all  the  glycogen  in  the  skin  can  be  demon¬ 
strated  histochemically  or  whether  it  also 
occurs  in  a  “masked”  form  is  still  not  set¬ 
tled. 

According  to  most  workers,  all  of  whom 
used  different  methods  of  chemical  deter¬ 
mination,  the  total  glycogen  content  of  the 
skin  in  the  adult  organism  is  small.  From 
the  available  data  (13,  21),  omitting  early 
and  obviously  unreliable  figures,  one  can 
calculate  for  man,  dog,  rabbit,  and  rat  an 
average  of  0.08  per  cent  (or  80  mg.  per  cent) 
of  glycogen  as  related  to  wet  weight  of  total 
skin.  Cornbleet’s  range  is  from  68.1  to  84.7 
mg.  per  cent  (13). 

It  was  reported  that  there  is  more  glyco¬ 
gen  in  the  “upper”  than  in  the  “lower”  skin 
layers.  Apparently,  the  epidermal  glycogen, 
even  in  extrauterine  life,  amounts  to  more 
than  the  glycogen  of  the  corium  and  that  of 
the  deeper  parts  of  epithelial  appendages 
put  together.  Fahrig  (15)  halved  human  skin 
into  an  upper  layer  containing  epidermis 
and  a  lower  layer  containing  fat.  The  upper 
layer  had  0.16  per  cent  glycogen,  the  lower 
layer  0.07  per  cent.  Cornbleet  (13)  divided 
skin  specimens  from  20  persons  into  two 
equal  parts  horizontally.  The  superficial 
layer  contained  0.075  per  cent  glycogen,  and 
the  deep  layer  0.047  per  cent,  on  the  aver¬ 
age.  In  neither  of  these  experiments  were 
the  three  main  layers  ej)idermis,  dermis, 
and  subdermis— clearly  separated  from 
each  other.  Fahrig  (15)  sj)eaks  of  the  glyco¬ 
gen  content  of  the  “epidermis”  and  reports 
extremelv  high  values  in  certain  sites  (0.23 
per  cent  in  epidermis  of  the  skin  of  the 
breast,  0.34  per  cent  in  epidermis  of  the  skin 
of  the  leg),  but  without  stating  how  he 
separated  the  “epidermis.”  In  addition  the 
absolute  amounts  of  glycogen  in  all  these 
instances  are  extremely  small,  and  the  ac¬ 


curacy  of  the  methods  of  determination  is 
open  to  question. 

\\'ith  regard  to  the  distribution  of  the 
total  glycogen  in  the  body  of  the  adult,  the 
amount  of  glycogen  in  the  skin  is  negligible. 
In  a  man  weighing  70  kg.  and  with  the  skin 
representing  about  16  per  cent  of  this  weight 
(p.  494),  the  0.08  per  cent  glycogen  repre¬ 
sents  9  gm.,  as  contrasted  with  average 
values  of  245  gm.  in  the  muscle  and  108  gm. 
in  the  liver. 

It  has  been  a  controversial  issue  whether 
the  adult  skin  is  able  to  build  up  glycogen 
and  to  break  it  down  to  glucose  as  muscle 
and  liver  do.  (llucose  must  be  phosphor- 
ylated  in  order  to  form  glycogen;  and  this 
phosphorylation  is  catalyzed  by  the  en¬ 
zyme  hexokinase.  Since  hexokinase  is  pres¬ 
ent  in  the  skin  (p.  475),  the  possibility  that 
glycogen  may  be  synthesized  and  hydro¬ 
lyzed  in  the  skin  cannot  be  doubted.  Such  a 
mechanism  is  certainly  operating  in  the  ar- 
rector  muscles  and  in  eccrine  glands  (p.  190) 
and  possibly  also  in  the  keratogenous  zones 
(p.  373).  But  it  is  controversial  whether 
glycogen  is  synthesized  in  the  skin  in  conse¬ 
quence  of  chronic  overfeeding  or  when,  in 
acute  experiments,  excessive  amounts  of 
glucose  are  administered. 

In  contrast  to  early  data  from  Pflcger’s 
laboratory,  indicating  that  gross  overfeed¬ 
ing  of  dogs  is  followed  by  excessive  glycogen 
storage  in  the  skin  (45),  Pillsbury  and 
Sternberg  (42)  found  that  in  dogs  on  a  high- 
carbohydrate  diet  the  glycogen  content  of 
the  skin  was  only  a  little  higher  than  on  a 
normal  diet,  the  average  values  being  0.129 
and  0.10  per  cent,  respectively,  although  the 
difference  in  the  respective  diets  was  great 
enough  to  cause  a  very  substantial  difference 
in  the  glycogen  content  of  the  livers.  )Nara- 
hara  (35)  found  only  slight  variations  in  the 
cutaneous  glycogen  in  rabbits  after  long¬ 
term  feeding  of  glucose;  in  these  experiments 
the  glucose,  but  not  the  glycogen,  content  of 
the  skin  increased  under  the  influence  of  the 

diet. 

In  acute  experiments,  after  intravenous 
injections  of  glucose  in  dogs  and  m  rabbits, 
none  of  the  workers  found  increased  glyco- 
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gen  content  in  the  skin  (16,  29,  35,  13).  A 
remarkable  exception  was  one  experiment  of 
Matsumoto  (29)  in  which  0.8  gm.  of  glucose 
was  given  intravenously  to  a  rabbit.  In  this 
experiment,  after  the  injection,  the  cutane¬ 
ous  glycogen  rose  from  83  to  133  mg.  per  100 
gm.  of  tissue  in  1  hour  and  was  back  to  74 
mg.  in  2  hours.  The  cutaneous  sugar  in  the 
same  experiment  rose  from  123  to  251  mg. 
per  100  gm.  of  tissue. 

In  Cornbleet’s  experiments  (13)  measures 
which  caused  a  substantial  increase  in  the 
glucose  content  of  the  skin,  such  as  intra¬ 
venous  injections  of  epinephrine  and  hista¬ 
mine,  local  heating,  and  locally  applied  in¬ 
flammatory  stimuli,  failed  to  increase  the 
amount  of  glycogen  in  the  skin. 

Conversely,  measures  decreasing  the 
sugar  content  of  the  skin  failed  to  decrease 
the  amount  of  cutaneous  glycogen.  After 
injection  of  insulin  into  dogs,  when  the 
average  glucose  content  of  the  skin  fell  from 
67  to  40  mg.  per  cent,  the  glycogen  did  not 
show  any  decrease  (13).  The  hepatic  glyco¬ 
gen  is  known  to  decrease  after  insulin  ad¬ 
ministration  in  normal  animals  (10,  12).  As 
the  cutaneous  glycogen  does  not  respond  in 
this  way,  one  may  conclude  that  not  only 
the  synthesis  but  possibly  also  the  degrada¬ 
tion  of  glycogen  are  rather  sluggishly  per¬ 
formed  functions  of  the  skin. 

Cornbleet  (13)  found  no  essential  changes 
in  cutaneous  glycogen  after  elimination  of 
the  hepatic  circulation  or  after  phlorhizin 
injections,  although  the  sugar  concentration 
in  the  skin  was  decreased  after  these  meas¬ 
ures. 


It  was  claimed  that  after  removal  of  tl 
skin  there  is  a  jjost  mortem  increase  in  tl 
glucose  content  of  the  skin,  indicating  po: 
mortem  glycogenolysis  (37,  61).  Howeve 
Pillsbury  (39)  found  in  his  in  vitro  exper 
ments  that  very  much  less  lactic  acid 
formed  on  the  addition  of  glycogen  to  ski 
tissue  than  on  the  addition  of  glucose,  a 
indication  that  glycogenolysis  must  be  sl’igl 
in  removed  pieces  of  skin,  at  least  as  far  a 
added  glycogen  is  concerned.  Pillsbury  an 
Sternberg  (42)  concluded  that  glycogenolv 
SIS  after  removal  of  the  skin  is  a  slow  nor 


conspicuous  process,  as  contrasted  with  the 
vigorous  decomposition  of  glycogen  in 
muscle  after  death. 

Interestingly  enough,  it  seems  that  glyco¬ 
gen  can  be  forced  to  break  down  in  the  skin 
if  diastatic  (starch-splitting)  enzymes  are 
artificially  introduced.  Ottenstein  (36)  in¬ 
jected  diastase  into  animals  parenterally 
and  found  an  increase  in  the  amount  of 
cutaneous  glucose  after  such  injections. 
This  is  difficult  to  understand,  considering 
that  the  skin  itself  has  considerable  dia¬ 
static  activity  (45,  36,  47).  It  is  not  known 
whether  the  glycogen  of  the  skin  can  be  at¬ 
tacked  by  the  skin’s  own  diastase.  Older 
data  indicate  that  most  of  the  diastatic  ac¬ 
tivity  is  located  in  the  epidermis,  which  is 
also  the  main  site  of  glycogen  (45).  Still  it  is 
possible  that  substrate  and  enzyme  are 
separated  from  each  other  in  the  same  cell 
and  that  action  occurs  only  in  special  cases 
of  excitation.  An  effective  method  of  break¬ 
ing  down  glycogen  in  the  skin  seems  to  be 
excessive  cooling.  Gualdi  and  Baldino  (19) 
found,  on  cooling,  a  decrease  of  cutaneous 
glycogen  content  from  0.07  to  0.054  per 
cent,  with  a  simultaneous  increase  in  lactic 


acid  ot  trom  0.028  to  0.272  per  cent. 

It  is  controversial  whether  breakdown  of 
glycogen  in  general  requires  phosphoryla¬ 
tion,  as  does  its  synthesis,  or  whether  at 
least  some  phases  of  the  breakdown  are  car¬ 
ried  out  by  simple,  diastase-type  hydrolytic 
enzymes  (11).  If  the  latter  is  the  case,  there 
is  a  possibility  that  the  skin’s  own  diastase 
controls  its  glycogen  level. 

The  bulk  of  available  data  suggests  that 
the  amount  of  glycogen  in  the  skin  does  not 
depend,  or  depends  only  to  a  slight  degree, 
on  the  amount  of  glucose  made  available 
from  the  blood  stream  to  the  skin.  Appar¬ 
ently,  it  does  not  vary  according  to  the  de¬ 
mands  of  either  the  skin  or  the  organism, 
this,  of  course,  is  in  contrast  to  the  be¬ 
havior  of  glycogen  in  liver  and  muscle  tis¬ 
sues  in  which  formation  and  decomposition 
of  glycogen  are  essential  parts  of  carbo¬ 
hydrate  metabolism.  In  the  skin,  synthesis 
and  decomposition  of  glycogen  are  appar¬ 
ently  rather  slow  and  weak  processes,  as  if 
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they  were  rudimentary  functions.  What  we 
know  so  far  about  glycogen  in  the  skin  prob¬ 
ably  fits  best  the  old  pathologic  concejjt  of 
“sessile”  glycogen,  as  contrasted  with  “la¬ 
bile”  glycogen.  Long  ago  von  Gierke  (17) 
described  sessile  glycogen  as  a  fixed  con¬ 
stituent  of  the  protoplasma,  found  mainly  in 
tissues  situated  somewhat  distant  from  the 
blood  stream,  such  as  cartilage  and  stratified 
epithelium.  Also  Lubarsch  (26)  mentioned 
that  epithelial  cells  are  preferred  sites  for 
deposition  of  glycogen.  This  sessile  glycogen 
is  not  continuously  synthesized  and  de¬ 
composed.  It  seems  to  be  more  firmly  at¬ 
tached  to  other  constituents  of  the  proto¬ 
plasm  than  the  labile  glycogen.  Hanawa 
(22)  claimed  that  it  is  more  difficult  to  ex¬ 
tract  glycogen  from  tissue  sections  of  the 
skin  than  from  sections  of  the  liver. 

Smooth-muscle  elements  of  the  skin,  se¬ 
cretory  sweat-gland  cells,  and  the  cells  of  the 
keratogenous  zone  are,  of  course,  excluded 
from  these  considerations.  The  function  of 
glycogen  in  cutaneous  smooth  muscles  is 
obviously  the  same  as  that  of  glycogen  in 
other  muscles.  Concerning  sweat  glands, 
Gualdi  and  Baldino  (19),  Yuyama  (68),  and 
Shelley  and  Mescon  (49)  observed  micro¬ 
scopically  the  disappearance  of  glycogen 
from  secreting  sweat-gland  cells  during  ac¬ 
tivity,  an  indication  that  glycogen  in  sweat 
glands  is  functional  (nonsessile),  i.e.,  taking 
part  in  the  physiological  functions  of  the 

organ  (p.  190).  ^  u  r  i 

In  contrast  to  all  previous  data,  Wohnlich 

^^7)  recently  reported  on  an  amazingly 
great  ability  of  the  skin  of  cattle  and  of  man 
to  synthesize  glycogen  from  lactic  acid  in 
vitro.  His  extremely  variable  initial  values 
of  from  0.5  to  89.5  mg.  per  cent  of  glycogen 
in  cattle  skin  and  from  11.2  to  5v3.7  mg.  per 
cent  of  glycogen  in  human  skin  rose,  on  the 
average,  to  two  or  three  times  the  original 
value  after  a  2-hour  incubation  with  lactate 
in  the  presence  of  oxygen.  In  single  experi¬ 
ments,  up  to  twenty-fold  increases  were 


noted.  Wohnlich  calculates  that  the  per¬ 
centage  increase  of  glycogen  content  in  the 
skin,  if  incubated  with  lactate,  is  about  ten 
times  greater  than  that  of  the  muscle  under 
similar  conditions.  He  considers  the  possi¬ 
bility  that  the  skin,  “like  a  sponge,”  takes 
up  some  of  the  lactic  acid  from  sweat  (p. 
210)  and  “resynthesizes”  it  to  glycogen. 
Should  Wohnlich’s  findings  be  confirmed, 
our  concept  of  the  relative  insignificance  of 
glycogen  in  the  carbohydrate  metabolism  of 
the  skin  will  have  to  be  reviewed. 

Anyhow,  it  must  be  stated  that  the  pres¬ 
ent  state  of  our  knowledge  concerning  the 
fate  of  glycogen  in  the  skin  is  rather  un¬ 
satisfactory.  First,  most  workers  have  dealt 
with  minute  amounts  of  glycogen  because  of 
its  low  concentration  in  the  skin,  and  this 
raises  the  question  of  the  accuracy  of  the 
different  methods  used.  The  significance  of 
differences  or  equalities  under  different  ex¬ 
perimental  conditions  has  never  been  cal¬ 
culated  in  relation  to  the  experimental  er¬ 
ror.  Second,  even  if  the  relative  constancy 
of  the  glycogen  level,  as  presented  in  the 
foregoing  paragraphs,  is  established  beyond 
doubt,  the  possibility  still  remains  that  the 
constant  glycogen  level  is  not  due  to  an  inert 
metabolism  but  to  a  homoeostatic  regulat¬ 
ing  mechanism,  whereby  glycogen  is  con¬ 
tinuously  decomposed  and  synthesized  but 
cannot  be  accumulated  beyond  a  certain 
level,  possibly  by  virtue  of  the  regulating 
effect  of  diastatic  enzymes.  It  is  regrettable 
that  this  problem  has  not  yet  been  attacked 
by  the  isotope  technic.  The  administration 
of  radioactive  glucose  or  pyruvate,  with 
subsequent  analysis  of  cutaneous  glycogen, 
may  solve  the  problem. 

Histochemical  findings  indicate  that  gly¬ 
cogen  accumulates  in  the  epidermis  in  path¬ 
ological  states  connected  with  tissue  damage 
and  tissue  repair.  It  accumulates  also  m  in¬ 
flammatory  processes,  particularly  in  states 
with  enhanced  (benign_and  malignant)  epi¬ 
dermal  proliferation  (45,  1). 
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II.  GLUCOSE  CONTENT 


Urbach  and  Fanil  (58)  were  the  first  to 
apply  the  Hagedorn-Jensen  method  (20)  for 
estimating  glucose  in  the  skin.  Although 
this  method,  as  applied  to  the  skin,  was 
criticized  by  Schaaf  and  Burckhardt  (46), 
Pillsbury  and  Kulchar  (40)  in  a  detailed 
study  found  it  to  be  reliable.  Later  on,  Ur¬ 
bach  and  Lentz  (59)  found  that,  with  their 
own  method,  part  of  the  tissue  sugar  escaped 
detection;  and  from  then  on  they  applied 
the  method  of  Rappaport  (43),  which 
yielded  about  20  per  cent  higher  values  in 
man  than  the  previous  method  had.  It  ap¬ 


is  a  great  amount  of  connective-tissue 
ground  substance  in  the  skin.  Nevertheless, 
it  is  a  remarkable  finding  of  Urbach  (60,  59) 
that  the  amount  of  “bound  sugar”  in  the 
skin  is  considerably  higher  in  diabetics  and 
in  pancreatectomized  dogs  than  under  nor¬ 
mal  conditions. 

In  human  skin,  taken  as  a  whole  without 
subcutaneous  fat  tissue,  the  fasting  glucose 
values  as  related  to  w'et  weight  are,  accord¬ 
ing  to  all  investigators,  at  a  lower  concen¬ 
tration  than  the  percentage  weight  in  the 
blood.  The  average  concentration  in  the 


T.\BLE  1 

Glucose  Content  of  the  Skin  (13) 


Year 


1927. 

1929. 

1931. 

1932. 

1933. 

1933. 

1934. 
1934 
1934. 
1937. 
1940. 


Glucose 


Authors 


(Mg /1 00  Gm  Wet  Weight) 


Folin  et  al.  (16) 

Urbach  and  Sicher  (61) 
Trimble  and  Carey  (54) 
Urbach  and  Rejto  (60) 
Matsumoto  (29) 
Matsumoto  (quoted  in  13) 
Narahara  (35) 

Pillsbury  and  Kulchar  (41) 
Moncorps  ei  al.  (33) 
Urbach  et  al.  (57) 
Cornbleet  (13) 


Man 

Dog 

Rabbit 

Mouse 

67 

47 

60 

117 

53 

56 

47 

84 

134 

53 

112 

91 

114 

115 

105 

61 

101 

155 

69 

60.2-81.5 

71.3 

96.9 

pears  that  the  methods  in  this  field  require 
thorough  re-evaluation. 

The  present  section  deals  only  wdth  W'hat 
has  been  called  “free  sugar,”  i.e.,  the  amount 
of  reducing  substances  obtained  by  Folin’s 
(16)  and  Urbach’s  (58,  59)  methods.  The 
“bound  sugar,”  meaning  the  amount  of  re¬ 
ducing  substances  obtained  after  acid  hy¬ 
drolysis  of  the  skin,  includes  the  carbo¬ 
hydrate  components  of  mucoproteins  in  the 
connective-tissue  ground  substance  (p.  422) 
an  element  which  has  hardly  anything  to  do 
with  the  intrinsic  metabolism  of  carbo¬ 
hydrates.  In  man’s  skin  the  amount  of 
bound  sugar”  was  found  to  be  fifteen  times 
that  of  free  sugar  (60).  This  can  be  taken 
merely  as  confirmation  of  the  fact  that  there 


skin  is  two-thirds  that  in  the  blood.  Capil¬ 
laries  are  easily  permeable  to  glucose,  and 
the  fall  in  concentration  from  blood  to  skin 
can  be  explained  by  the  fact  that  glucose  is 
utilized  in  the  skin. 


- - ui  glucose  in 

the  skin  of  common  laboratory  animals 
(dogs,  cats,  rabbits,  guinea  pigs,  and  rats) 
may  be  as  high  as,  or  higher  than,  that  in 
the  blood  (59,  13).  Possibly  the  skin  is  able 
to  store”  sugar  at  sites  where  it  is  not  im¬ 
mediately  metabolized. 

Numerical  data  of  the  older  literature  on 
asting  values  m  the  skin  as  compared  with 
the  blood  sugar  are  summarized  by  Roth¬ 
man  and  Schaaf  (45).  Newer  data  have  been 
reviewed  by  Cornbleet  (13)  (Table  1). 
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It  has  been  claimed  that  although  the  re¬ 
lation  of  glucose  concentration  in  blood  and 
skin  varies  greatly  according  to  species,  it  is 
rather  constant  within  the  same  species  (61). 

It  is  a  well-established  fact  that  oral  or 
parenteral  administration  of  glucose  in¬ 
creases  the  fasting  glucose  values  of  the  skin 
in  man  and  in  animals  (16,  61,  29,  48,  13). 
Indirectly,  the  same  phenomenon  was  dem¬ 
onstrated  by  Pillsbury  (39)  when  he  found 
that  the  skin  of  well-fed  rabbits  yielded  a 
greater  amount  of  lactic  acid  than  did  the 


Fig.  1. — Normal  sugar  tolerance  curve  of  the  skin 
in  man.  The  unbroken  line  indicates  blood  sugar,  the 
broken  line  indicates  skin  sugar.  Glucose  expressed  in 
mg.  percent.  From  Urbach  and  Lentz  (59).  (Repro¬ 
duced  by  permission  of  the  American  Medical  As¬ 
sociation.) 

skin  of  starving  ones.  The  rise  of  the  skin 
sugar  level  with  hyperglycemia  can  be  satis¬ 
factorily  explained  by  simple  diffusion 
through  capillary  vessels  from  blood  into 
tissues.  With  hyperglycemia,  the  concentra¬ 
tion  difference  between  blood  and  tissue  in¬ 
creases,  and  this  results  in  a  greater  filtration 
rate  from  blood  to  tissue.  However,  in  addi¬ 
tion  to  a  parallel  increase  in  blood  sugar  and 
skin  sugar,  it  was  observed  that  in  some  in¬ 
stances  the  "concentration”  of  glucose  in 
the  skin  exceeded  that  in  the  blood  (16)  and 
that  after  administration  of  glucose  the  cu¬ 
taneous  sugar  stayed  at  a  higher  level  for  a 
considerably  longer  period  of  time  than  did 
the  blood  sugar,  as  comixared  with  fasting 
values  (61,  57,  59,  13).  This  discrepancy  was 
quite  clear-cut  under  jihysiological  condi¬ 


tions  (Fig.  1)  and  was  exaggerated  in  dia¬ 
betes,  in  which  fasting  levels  were  found  to 
be  high  (59). 

Baisset  et  al.  (2)  advanced  the  thesis  that 
after  intravenous  infusions  glucose  is  not 
immediately  taken  up  by  the  liver  but  is 
taken  up  by  "peripheral  tissues,”  primarily 
by  the  skin.  This  peripheral  storage,  they 
said,  is  the  reason  for  the  short  duration  of 
hyperglycemia  after  intravenous  injections 
of  glucose.  Later  on,  according  to  the  au¬ 
thors,  the  peripherally  stored  glucose  is 
again  released  into  the  blood  stream  and  is 
then  taken  up  by  the  liver.  The  authors  at¬ 
tempted  to  prove  this  thesis  by  utilizing  the 
discovery  of  Malmejac  (27),  who  found  that 
in  the  dog  there  is  a  skin  area  on  the  medial 
aspect  of  the  thigh  which  is  supplied  by  a 
{lurely  cutaneous  branch  of  the  femoral 
artery;  similarly,  the  corresponding  vein 
collects  blood  only  from  the  skin. 

After  intravenous  injection  of  glucose 
these  authors  estimated  the  blood  sugar 
simultaneously  in  blood  from  the  carotid 
artery,  from  the  cutaneous  branch  of  the 
femoral  vein,  and  from  the  femoral  vein  of 
the  other  side,  where  the  cutaneous  branch 
was  ligated  or  the  skin  removed  so  that  the 
femoral  vein  collected  blood  only  from 
muscles.  In  about  half  the  experiments,  15- 
30  minutes  after  injection  a  considerably 
lower  blood  sugar  value  was  found  in  the 
cutaneous  vein  than  in  the  femoral  \ein 
collecting  blood  from  muscle  only,  an  indi¬ 
cation  that  the  skin  retained  more  sugar 
than  did  the  muscle.  Conversely,  hours 
after  injection  a  "late  hyperglycemia”  was 
observed  in  the  cutaneous-venous  blood: 
145  mg.  per  cent  as  contrasted  with  90  mg. 
per  cent  in  both  the  arterial  and  the  muscu¬ 
lar-venous  blood.  This  transient  hyper¬ 
glycemia  in  the  cutaneous  vein  was  inter¬ 
preted  as  a  sign  of  the  shift  from  skin  to 
liver.  Although  the  temporary  storage  in  the 
skin  could  not  be  demonstrated  consistently, 
the  authors  thought  it  a  jiredominant  phe¬ 
nomenon  in  intravenous  glucose  administra- 

^''^The  finding  of  Urbach  (61)  and  of  To- 
shima  (53)  that  the  fasting  value  of  cutane- 
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ous  sugar  is  higher  in  animals  on  a  diet  rich 
in  carbohydrates  than  in  animals  on  a  carbo¬ 
hydrate-poor  diet,  while  the  blood  sugar  is  at 
the  same  level  in  both  groui)s,  was  inter¬ 
preted  as  a  sign  of  a  more  permanent  storing 
capacity  of  the  skin.  However,  this  finding 
could  not  be  confirmed  by  Pillsbury  and 
Sternberg  (42),  who  did  not  find  consistent 
differences  in  the  amount  of  cutaneous  sugar 
after  different  types  of  feeding. 

The  injection  of  large  doses  of  insulin 
considerably  decreases  the  glucose  content 
of  the  skin  (31,  48,  13),  but  it  cannot  be  re¬ 
duced  below  a  certain  minimum  level  (61, 
54,  48).  This  finding  led  to  the  conclusion 
that  the  skin  is  able  to  “store”  sugar,  not¬ 
withstanding  the  effect  of  insulin  (48).  Still, 
Myiake  and  Narahara  (31)  found  e.xtremely 
low  premortal  values  of  cutaneous  glucose 
in  insulin  shock. 

Certainly,  all  investigators  agree  that 
after  peroral  or  parenteral  administration  of 
glucose  there  is  a  “lag”  in  the  return  of  the 
cutaneous  sugar  to  fasting  values.  There  has 
been  some  controversy  as  to  whether  this 


lag  means  a  true,  even  if  temjwrary,  storage 
in  the  skin  and  whether  this  is  in  contradic¬ 
tion  to  the  assumption  that  changes  in  cu¬ 
taneous  sugar  levels  are  due  to  a  “simple 
diffusion  process”  (48,  13). 

Storage  of  glucose  in  the  epidermis  or 
other  cellular  elements  is  improbable  be¬ 
cause  added  glucose  is  immediately  metabo¬ 
lized  by  skin  slices  under  all  circumstances. 
However,  there  is  a  possibility  that  glucose^ 
if  offered  in  excess,  is  adsorbed  for  shorter  or 
longer  periods  on  extracellular  elements 
such  as  connective-tissue  fibers  or  connec¬ 
tive-tissue  ground  substance,  which  do  not 
possess  the  enzyme  systems  that  metabolize 
glucose.  The  loosely  bound  water  in  connec¬ 
tive  tissue  (p  469)  may  also  retain  glucose, 
hat  such  ‘binding”  may  occur  is  sup- 

Kejto  (60).  I  hese  authors  found  that  the 
amount  of  “bound”  sugar  is  increased  in 
diabetes  (p.  469).  Such  binding  would  e.x- 


plain  the  “lag”  in  the  return  to  normal  of 
cutaneous  sugar  in  hyperglycemia;  it  would 
also  explain  the  higher  fasting  values  in  w^ell- 
fed  animals,  the  ajiparent  ability  of  the  skin 
to  withstand  to  some  degree  the  glycolytic 
action  of  insulin  (“the  skin  tries  to  store 
sugar  against  insulin  effect”)  (48),  and  the 
mobilization  of  cutaneous  sugar  by  epinejih- 
rine  (48).  Unfortunately,  there  has  been  no 
investigation  of  whether  connective-tissue 
elements  are  able,  and  to  what  degree,  to 
bind  glucose.  No  matter  whether  our  ex¬ 
planation  is  correct,  it  is  obviously  futile  to 
discuss  the  jiroblem  of  “true  storage”  versus 
“simple  diffusion  process.”  The  adsorption 
and  release  of  sugar  from  extracellular  ele¬ 
ments  will  always  depend  on  the  concentra¬ 
tion  difference  between  blood  and  tissue. 
The  expression  “true  storage”  is  better  re¬ 
served  for  storage  in  the  form  of  glycogen,  a 
process  which  seems  to  play  a  minor  role  in 
the  skin  of  adults. 

Obviously,  it  will  be  much  easier  to  in¬ 
terpret  the  results  of  this  kind  of  experi¬ 
mentation  in  the  future  when  analyses  are 
carried  out  in  the  epidermis  and  corium 
separately  and  when  isotope  technics  are 
utilized. 

The  amount  of  glucose  in  the  skin  de¬ 
pends  on  its  blood  supply,  i.e.,  on  the  rate  of 
blood  flow  through  the  skin.  In  artificially 
produced  inflammatory  skin  lesions,  aswell  as 
in  natural  diseases  with  inflammatory  proc¬ 
esses,  the  glucose  content  is  higher  than  in 
normal  skin  (33,  48,  13).  However,  if  the 
damage  is  more  severe,  the  skin  seems  to 
lose  Its  sugar-retaining  capacity  (31). 

Glucose  was  identified  in  the  skin  chem¬ 
ically  as  its  phenylosazon  comiiound  by 
Schaaf  and  Burckhardt  (46).  The  increase 
in  the  amount  of  reducing  substances  in  the 
skin  of  diabetics  was  shown  to  be  actually 
cue  to  an  increase  in  glucose  (46,  55).  In 
glucose,  Schaaf  and  Hurckhardt 
(46)  tound  some  polyoses  which  had  reduc¬ 
ing  sugar  components  other  than  glucose 
(glucosamine?).  ^ 
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III.  METABOLISM  OF  GLUCOSE 


The  single  steps  in  the  breakdown  of 
glucose  to  pyruvic  acid  are  discussed  in 
chapter  23  (p.  566).  In  anaerobic  metabo¬ 
lism,  “glycolysis”  or  “fermentation”  takes 
place,  in  which  lactic  acid  arises  by  the  re- 


duction  of  piyruvic  acid: 

CHa 

CHa 

1 

j 

II 

O 

CHOH 

1  +2H  - 

1 

COOH 

COOH 

Pyruvic 

Lactic 

In  aerobic  metabolism 

jiyruvic  acid 

completely  oxidized  to  carbon  dioxide  and 
water.  In  most  tissues  this  oxidation  comes 
about  by  the  intervention  of  the  tricar¬ 
boxylic  acid  cycle  of  Krebs  and  its  rather 
involved  enzyme  system  (p.  567).  In  the 
skin,  as  in  other  organs,  both  the  oxidative 
and  the  fermentative  metabolism  of  glucose 
can  be  demonstrated. 

A.  GLYCOLYSIS 


in  fetal  and  juvenile  skin,  whereas  in  adult 
skin,  in  which  oxidative  reactions  are  less 
intense,  aerobic  and  anaerobic  processes  are 
about  equal:  the  “excess  fermentation  val¬ 
ue”  of  Warburg  is  about  zero  in  the  skin  of 
adult  animals.  Glycolysis  by  the  skin  of 
young  rats  is  about  five  times  greater  than 
by  the  skin  of  adult  animals.  In  human  be¬ 
ings  fetal  skin  forms  about  twice  as  much 
lactate  as  does  adult  skin  (5). 

B.  DECARBOXYLATION  AND  DISMUT ATION 
OF  PYRUVIC  ACID 

1.  Decarboxylation 

One  means  of  decomp)osition  of  piyruvic 
acid  by  tissues  is  its  decarbo.xylation  to 
acetaldehyde: 


CHa 

CHa 

1 

C=0 

- CHO  +  COo 

COOH 

Pyruvic 

.\cetaldehyde 

The  formation  of  lactic  acid  from  glucose 
by  surviving  skin  was  first  demonstrated  by 
Wohlgemuth  and  Klopstock  (65),  who 
found  that  this  fermentation  reaction  in 
human  skin  is  overwhelmingly  a  function  of 
the  epidermis.  Slices  of  corium  produced 
only  negligible  quantities  of  lactic  acid.  The 
data  of  Fahrig  (15)  indicate  that,  on  the 
addition  of  glucose  and  in  the  absence  of 
oxygen,  the  epidermis  has  an  even  higher 
fermentation  rate  than  has  muscle. 

Lactic  acid  is  actually  formed  in  the  skin 
in  vivo,  and  the  rate  of  fermentation  de- 
iiends  on  the  amount  of  glucose  available. 
This  was  first  demonstrated  by  Pillsbury 
(39),  who  found  twice  as  much  lactic  acid  in 
the  skin  of  well-fed  rabbits  as  in  that  of 
starved  ones.  He  also  showed  that  the  skin 
of  rabbits  which  had  been  given  3  gm.  ot 
glucose  intravenously  h  hour  before  the 
experiment  piroduced  twice  as  much  lactic 

acid  as  did  the  controls. 

Compiaring  the  oxidative  and  fermen  a- 
tive  reactions  of  rat  skin,  Barron  et  at. 
found  that  the  oxidative  reactions  prevai 


Previous  data  (66)  indicated  that  the  skin  is 
able  to  perform  this  reaction.  This  would 
imply  that  the  skin  contains  the  carboxylase 
enzyme  and  its  coenzyme,  dipjhospihothia- 
mine.  But  in  a  more  recent  work,  Barron  et 
at.  (5)  could  not  demonstrate  the  presence  of 
acetaldehyde  after  a  3-hour  incubation  of 
300  mg.  of  rat  skin  slices  in  Ringer-pihos- 
pihate  with  pyruvate.  Thus  it  seems  im¬ 
probable  that  this  pathway  is  used  by  the 
cells  of  the  skin. 

In  most  tissues  of  thiamine-deficient  ani¬ 
mals  the  addition  of  thiamine  increases  the 
oxygen  upitake  and  utilization  of  piyruvic 
acid  (38,  4).  This  is  not  the  case  with  the 
skin  tissue  of  thiamine-deficient  animals  (5). 
The  lack  of  action  of  thiamine  in  the  skin 
was  interpreted  as  an  indication  of  a  very 
slow  rate  of  synthesis  of  the  cocarbo.xylase 
diphosphothiamine  from  thiamine  and  phos¬ 
phate  (5). 

2.  Disviutation 

“Dismutation”  is  a  chemical  reaction  ill 
which  2  molecules  of  the  same  com[x)uiid 
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react  to  yield  1  oxidized  and  1  reduced 
product.  In  the  dismutation  of  pyruvic 
acid,  2  molecules  of  pyruvate  yield  1  mole¬ 


cule  each  of  lactic  acid,  acetic  acid,  and 
carbon  dioxide.  This  reaction  does  not  re¬ 
quire  the  presence  of  oxygen  : 


2  CHs-CO-COOH-l-HsO 

Pyruvic 


CHs  •  CHOH  •  COOH  +  CH3  •  COOH  -f  CO2 

Lactic  Acetic 


The  skin  has  the  necessary  enzyme  sys¬ 
tem  to  perform  such  dismutation.  The  de¬ 
gree  of  pyruvate  dismutation  under  anaero¬ 
bic  conditions  is  about  half  the  degree  of 
pyruvate  oxidation  in  the  presence  of  o.xy- 
gen.  Both  are  about  ten  times  greater  in 
fetal  rat  skin  than  in  adult  rat  skin,  so  that 
the  oxidodismutation  coefficient. 

Pyruvate  utilized  in  O2 
Pyruvate  utilized  in  N2  ’ 
is  similar  in  both  fetal  and  adult  skin  (5). 

CHs-CO-COOH-l-i  O2  ■ 

Pyruvic 


C.  OXIDATION  OF  PYRUVIC  ACID,  TRICAR¬ 
BOXYLIC  CYCLE,  AND  ACCUMULATION 
OF  CITRIC  ACID  IN  SKIN 

In  aerobic  metabolism  the  pyruvic  acid 
formed  by  the  degradation  of  glucose  is 
oxidized  to  carbon  dioxide  and  water.  In 
liver  and  muscles  this  reaction  takes  place 
through  the  mediation  of  the  tricarboxylic 
acid  cycle  of  Krebs  (3).  The  first  step  in  this 
cycle  is  the  oxidative  decarboxylation  of 
pyruvic  acid  to  acetic  acid : 

- CH3-C00H+C02  (1) 

.Acetic 


and  the  condensation  of  acetic  acid  with 
carboxylic  acid:  citric: 


the  dicarboxylic  acid:  oxaloacetic  to  the  tri- 


COOH 

1 

COOH 

CH3 

,  CH, 

+  1 

CH2 

COOH 

CO 

1 

C  (OH  j  .COOH 

COOH 

CH2 

1 

COOH 

Acetic 

Oxaloacetic 

Citric 

(2) 


Citric  acid  transforms  into  the 
water  molecule: 


unsaturated  tricarboxylic  acid: 


cis-aconitic  by  loss  of  a 


COO  1 1 
CH2 

C(OH)  -COOH 

CII2 

I 

COOH 

Citric 


-H2O 


COOH 

CH 

^  C-COOH 
CH2 
COOH 

Cis-aconitic 


(3) 
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Cis-aconitic  lakes  up  water  again,  although  not  to  form  citric  acid  but  an  isomer  of  it, 
isocitric  acid: 


COOH 

-  I 

COOH 

ai 

1 

(TIOH 

II 

C-COOH  +H0O 

1 

- CH-COOH 

1 

CH2 

1 

CH2 

COOH 

COOH 

Cis-aconitic 

Isocitric 

The  reversible  conversion  of  citric  into  isocitric  via  cis-aconitic  is  catalyzed  by  the 
enzyme  aconitase.  Isocitric  is  dehydrogenated  to  oxalosuccinic  acid: 


COOH 

I 

CHOH 

CH-COOH 

1 

CH2 

COOH 

Isocitric 

Oxalosuccinic  is  decarboxylated 

COOH 

1 

c=o 

CH-COOH 

I 

CH2 

COOH 

Oxalosuccinic 


COOH 

I 

c=o 

-2H  - >■  CH-COOH 

I 

CH2 

COOH 

Oxalosuccinic 

»  the  dicarboxylic  a-ketoglutaric  acid: 

COOH 

I 

C-0 

-ro2  - ^  0112 

CH2 

COOH 

a-Ketoglutaric 


(5) 


(6) 


a-Ketoglutaric  undergoes  oxidative  decarboxylation  to  succinic 


acid : 


COOH  -CH2-CH2-CO-COOH  +  |  O2 

a-Ketoglutaric 


COOH -CH2-CH2-COOH +CO2  (7) 


Succinic 


succinic  is  dehydrogenated  to  fumanc: 

COOH-CH2-CH2-COOH  -2H 


COOH -CH=CH -COOH  (S) 


Ku  marie 


Succinic 


and  fumaric  takes  up  water  to  form  malic  acid: 


COOH-CH=CH -COOH  +  H2O 


C'OOH -CIH-CHOH -COOH  (b) 


Malic 


p'umanc 


Malic  is  dehydrogenated  to  oxaloacetic: 

_ (^0011 -CHo-CO-COOH  (lb; 

CO O  H  -  C  H  2  •  0  HO  1 1  •  CO  O  H  21  oxaloacetic 


Malic 
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which  may  then  react  with  a  new  molecule 
of  acetic  acid  and  repeat  the  cycle.  All  stej)s 
in  this  cycle  are  catalyzed  by  sj)ecific  enzyme 
systems  (p.  567). 

The  work  of  Barron  ei  al.  (5)  indicates 
that  this  cycle  does  not  operate  in  the  skin. 
These  authors  found  that  the  addition  of 
citrate  and  of  a-ketoglutarate  to  rat  skin 
slices  did  not  increase  their  o.xygen  ujjtake, 
as  is  the  case  with  liver  or  muscle  slices, 
which  do  utilize  these  compounds  in  the 
cycle. ^  Furthermore,  they  found  that  the 
enzyme  isocitric  dehydrogenase,  which  is 
required  in  the  cycle  to  oxidize  isocitric  to 
o.xalosuccinic  acid  (step  5),  was  not  j)resent 
in  the  skin.  However,  they  found  con¬ 
siderable  oxygen  uptake  on  the  addition  of 
succinate,  and  they  concluded  that  possibly 
the  carbohydrate  metabolism  of  the  skin 
utilizes  only  the  short-cut  reversible  suc- 
cinate-fumarate  system  (step  8)  for  the 
necessary  oxidoreductive  reactions.  The  suc- 


cino-dehydrogenase  enzyme  is  present  in  the 
skin  (p.  571). 

Barron’s  findings  are  particularly  re¬ 
markable  in  view  of  the  fact  that  citric  acid 
is  accumulated  in  the  skin.  Bones  and  skin 
are  the  only  tissues  which  store  citric  acid. 
The  citric  acid  accumulation  in  skin  can  now 
be  explained  by  the  finding  that  skin  tissue 
does  not  utilize  citric  acid,  while  other  tis¬ 


sues  do.  The  source  of  citric  acid  in  the  ski 
could  be  the  citric  acid  of  the  blood,  whic 
diffuses  into  the  skin  and  is  stored  there  b( 
cause  it  is  not  being  metabolized. 

However,  there  is  another  possibilit) 
Citric  acid  may  accumulate  in  muscle  : 
there  is  not  enough  o.xygen  available  t 
carry  on  the  Krebs  cycle.  If  pyruvate  aiv 
o.xaloacetate  are  incubated  with  mincei 
muscle  under  strict  anaerobic  condition^ 
substantial  amounts  of  citric  acid  are  formei 
(5)  and  accumulated  (steji  3). 

Dickens  (14)  offers  two  sets  of  data  whicl 
seem  to  support  the  hypothesis  that  citri 
acid  IS  actually  formed  anaerobically  in  th 
skin.  I  he  first  group  of  data  indicates  tha 

nual  Meetmg,  Soc.  Invest,  Dermal..  Ly.  195.,) 


hair  contains  ajifiroximately  ten  times  more 
citric  acid  than  does  total  skin  (Table  2).  It 
might  easily  be  that  the  particular  type  of 
cell  death  rejiresented  by  the  keratinization 
jirocess  (chap.  16)  is  associated  with  the 
gradual  denaturation  of  oxidative  enzymes 
and,  or  with  lack  of  oxygen.  Pyruvate  and 
o.xaloacetate  may  condense  during  keratini¬ 
zation  to  citric  acid,  as  haiipens  in  muscle 
under  anaerobic  conditions. 

Recently,  confirming  the  relatively  high 
citric  acid  content  of  keratinizing  struc¬ 
tures,  Bolliger  (7)  reported  the  presence  of 


TABLE  2 


CiTRK'  .\{  ID  Content  of  Skin  .and 
Fur  in  .\dult  Mice  (14) 


Citric  Acid  Content 
(Mg/100  Gm  of 

Wet  Weight)* 

1st  Sample 

2d  Sample 

Skin  with  fur  mostly  re¬ 
moved  . 

Fur  alone . 

12.2 

133.0 

9.7 

114.0 

-  ine  ditterence  in  the  citric  acid  content  of  fur  and  skin 
however  might  be  due  partly  to  the  difference  in  water  content 
p-  should  be  obtained  in  reference  to 


ou-DtJ  mg.  oi  citric  acid  in  hot  aqueous  e.x- 
tracts  of  100  gm.  of  rabbit  hair  (p.  374). 

The  second  set  of  Dickens’  data  (14)  indi¬ 
cates  that  in  malignant  proliferation  of  epi¬ 
thelium  the  citric  acid  accumulation  is 
greater  than  in  normal  tissue  (Table  3). 
This  fact  again  points  to  the  possibility  that 
citric  acid  is  formed  anaerobically  in  the 
skin,  because  it  is  known  that  anaerobic 
metabolism  is  more  prevalent  in  malignant 
growUi  than  in  normal  eiiithelial  tissue. 

Miller  and  Carruthers  (30)  estimated  the 
citric  acid  content  of  the  separated  epider¬ 
mis  of  mice  after  shaving  and  found  tw'elve 
to  twenty-five  times  higher  concentrations 
as  rela^d  to  wet  weight  than  in  other  or- 

that  m  all  malignant  tissues  the  citric  acid 
concentration  increased  considerably  as 
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compared  with  the  homologous  parent-tis¬ 
sue,  except  in  cutaneous  squamous-cell  car¬ 
cinomas,  the  citric  concentration  of  which  is 
much  lower  than  that  of  normal  epidermis, 
which  has  an  exceedingly  high  concentration 
to  start  with. 

In  malignant  degeneration  of  the  epi¬ 
dermis  the  decrease  in  citric  acid  concentra¬ 
tion  is  paralleled  by  a  decrease  in  calcium 
concentration  (30).  It  was  considered  that 

T.\BLE  3* 

Citric  Acid  Content  of  Normal  and 
Malignant  Tissue  of  Vulva  in 
Human  Female  (14) 


Citric  Acid  Content 
(Mg/100  Gm  of 

Wet  Weight 

1st  Sample 

2d  Sample 

Carcinoma  of  vulva . 

8.8 

8.2 

5.3 

7,0 

.\djacent  normal  skin . 

*  All  siiecimens  were  taken  from  the  same  person. 


TABLE  4 

CITRIC  Acid  Content  of 
Mouse  Organs  (30) 

Mg/Gm 
Wet  Weight 

Shaved  epidermis .  465 

Liver .  W  .2 

Muscle . 

Blood .  29.1 

possibly  the  two  constituents  are  bound  to¬ 
gether  as  a  diffusible  complex  and  that  cal¬ 
cium  is  carried  away  with  this  complex  into 
the  blood  stream  in  carcinogenesis.  How¬ 
ever,  it  was  also  emphasized  that  in  malig¬ 
nancies  produced  by  local  methylcholan- 
threne  treatments  the  basal  layer  remains 
unchanged,  while  the  rete  and  granular 
layer  undergo  hyfierplasia,  and  that  there¬ 
fore  there  is  a  possibility  that  the  chemistry 
of  the  cells  actually  does  not  change.  It 
might  be  that  the  basal  layer  contains  very 
much,  the  other  layers  only  a  little,  of  these 
substances;  then  the  shift  in  analytical  val¬ 
ues  is  due  to  the  changed  projiortions  of  the 


different  layers.  This  interpretation  was 
called  the  ‘'morphological  hypothesis,”  as 
contrasted  with  the  chemical  one  (30). 

Citric  acid  can  be  stored  only  at  sites 
where  there  is  a  lack  of  enzymes  carrying  the 
cycle  from  the  citric  acid  stage  to  cis-aco- 
nitic,  isocitric,  etc.  (steps  3,  4).  Traces  of 
aconitase  activity  were  found  in  rat  skin  by 
Barron  et  at.  (5);  but  these  authors  assume 
that  the  traces  of  the  enzyme  originated 
from  minimal  amounts  of  muscle  tissue  re¬ 
maining  on  the  skin  samples.  Thus  the 
hypothesis  of  anaerobic  citric  acid  synthesis 
in  the  skin  is  not  in  contradiction  to  the 
available  data.^ 


D.  direct  oxidation  of 

CARBOHYDRATES 

From  experiments  with  enzyme  inhibi¬ 
tors,  Barron  et  at.  (5)  concluded  that  carbo¬ 
hydrate  metabolism  in  the  skin  may  pro¬ 
ceed  not  only  via  the  glycolytic-oxidative 
pathway  but  also  through  direct  oxidation, 
lodoacetate  and  glyceraldehyde,  which  in¬ 
hibit  glycolytic  enzymes,  did  not  inhibit  the 
respiration  of  rat  skin  slices,  as  they  would 
if  glucose  utilization  proceeded  only  by  gly¬ 
colysis  to  pyruvate  and  oxidatively  from 
there  on.  The  pathway  of  such  direct  oxida¬ 
tion  is  unknown.  However,  oxygen  uptake 
in  the  presence  of  carbohydrate  enzyme  in¬ 
hibitors  could  be  due  to  fatty-acid  oxidation, 
and  thus  it  is  not  certain  that  “direct  oxida¬ 
tion”  of  carbohydrates  does  take  place  in 
the  skin. 


E.  LACK  OF  GLUCOSE  SYNTHESIS 

All  steps  in  the  glycolytic-oxidative  deg¬ 
radation  of  glucose  are  reversible,  because 
the  enzymes  catalyzing  these  steps  of  degra¬ 
dation  also  catalyze  the  reactions  in  the  op¬ 
posite  direction.  Thus  synthesis  of  glucose 
from  pyruvate  by  kidney  or  liver  slices  can 
be  easily  demonstrated.  When,  however. 


2.  Concerning  nonutilization  of  citric  acid  by  the 
in  Dr  A.  B.  Lerner,  in  his  chapter  on  “Enzymes 
,  568)  gives  a  <lilTerent  interpretation  of  the  avail- 
;ie  data  Instea.1  of  trying  to  “acijust”  the  dilTeren 
ewpoints,  I  prefer  to  let  both  interpretations  stand 

1  they  are. 
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skin  slices  from  rat  fetuses  and  adult  rats 
were  incubated  with  pyruvate,  no  such  car¬ 
bohydrate  synthesis  could  be  demonstrated 
(5).  These  findings  are  in  contradiction  to 
those  of  Wohnlich  (67). 

F.  PECULIARITIES  OF  CARBOHYDRATE 
METABOLISM  IN  THE  SKIN 

The  work  of  Barron  el  at.  (5)  indicates 
that  the  carbohydrate  metabolism  of  the 
skin  may  be  distinguished  by  three  peculiar 
features:  (1)  the  tricarboxylic  acid  cycle  is 
not  operating;  (2)  carbohydrate  synthesis 
from  pyruvate  does  not  take  place;  and  (3) 
formation  of  cocarboxylase  from  thiamine 
and  phosphoric  acid  is  slow  or  absent.  Pos¬ 
sibly  these  three  features  can  be  regarded  as 
deficiencies  in  the  elaborate  enzyme  systems 
of  carbohydrate  metabolism.  It  has  been 
assumed  that  this  deficiency  might  be  the 
reason  for  the  skin’s  being  particularly 
vulnerable  to  inadequate  nutrition.  Indeed, 
in  many  nutritional  deficiencies,  particularly 
in  deficiencies  of  B  factors  (required  for 
carbohydrate  metabolism),  the  skin  is  the 
first  organ  to  display  clinical  disease  (45).  A 
further  peculiarity  is  that  although  the  skin 


contains  glycogen,  it  is  not  at  all,  or  only 
slightly,  involved  in  metabolism  and  thus 
possibly  represents  a  so-called  “sessile”  type 
of  glycogen. 

Finally,  it  appears  that  the  skin  is  very 
active  in  forming  lactic  acid  from  glucose. 
.According  to  Fahrig  (15),  anaerobic  lactate 
formation  is  greater  in  the  epidermis  than  in 
muscle  tissue.  In  the  presence  of  oxygen, 
less  lactic  acid  is  formed  than  under  anaero¬ 
bic  conditions.  This  is  true  for  the  skin  (65, 
15,  5),  as  well  as  for  all  normal  tissues. 
Nevertheless,  the  data  of  Fahrig  (15)  and  of 
Pillsbury  (39)  suggest  that  the  amounts 
formed,  even  in  the  presence  of  oxygen,  are 
fairly  high.  However,  the  skin  does  not  ap¬ 
proach  the  peculiar  metabolism  of  malig¬ 
nant  tumors  in  which  aerobic  and  anaerobic 
lactate  formation  is  approximately  equal 
(62,  63).  The  finding  of  Pillsbury  (39)  that 
there  is  no  diflference  in  the  amount  of  lac¬ 
tate  formed  under  aerobic  and  anaerobic 
conditions  has  not  been  duplicated.  Similar¬ 
ly,  the  interesting  claim  of  Wohlgemuth  and 
Ikebata  (64),  that  glycolysis  in  the  skin  is 
greatly  reduced  by  ultraviolet  and  X-ray 
irradiations,  requires  confirmation. 


IV.  GLUCOSi:  MET.ABOLISM  UNDER  PATHOLOGICAL  CONDITIONS 
•AND  ITS  POSSIBLE  CLINIC.AL  SIGNIFIC.ANCE 


In  human  diabetes  and  in  pancreatec 
tomized  dogs  the  sugar  content  of  the  skin  ii 
high.  The  “skin  glucose  tolerance  test”  a: 
practiced  by  Urbaclr’’  (56,  59)  reveals  a  “dia 
betic  type  of  curve,”  with  an  unusually  sleep 
and  high  rise  of  the  skin  sugar,  delayed  maxi 
mum,  and  delayed  return  to  fasting  values 
This  delay  is  more  pronounced  in  the  skir 
than  in  the  blood.  The  peak  glucose  level  i< 
reached  in  the  blood  after  2  hours  and  in  the 
skin  after  3  hours  or  more;  the  skin  sugai 
remains  at  a  high  level  at  least  1  hour  longei 
than  does  the  blood  sugar.  In  pancreatec- 
tomized  dogs  this  sluggishness  of  the  skir 

sugar  curve  is  even  more  pronounced  thar 
in  man. 

Lrbach  placed  emphasis  on  the  occur¬ 
rence  of  cases  in  which  blood  suRar  value, 
were  normal  but  fasting  skin  sugar  levels 


abnormally  high.  This  discrepancy  was  even 
greater  when  the  glucose  tolerance  tests 
were  compared,  and  a  pathological  skin 
glucose  curve  was  found,  along  with  a  nor¬ 
mal  blood  sugar  curve.  For  this  situation 
I  rbach  coined  the  terms  “cutaneous  glyco- 
histechia”  and  “skin  diabetes”  (56,  59).  He 
thought  that  this  situation  played  an  im¬ 
portant  pathogenetic  role  not  only  in  bac¬ 
terial  and  fungus  infections,  which  are 
known  to  have  a  high  incidence  in  diabetes 
but  also  in  some  “eczemas”  in  intertrigi- 
nous  localization  and  in  some  cases  of  pru¬ 
ritus.  Some  clinical  evidence  was  offered  to 
support  this  thesis. 


from  the  sic  in  inn  ‘‘  ^song  tjiopsy  specimen 
irom  the  skin,  ]()()  gm,  glucose  are  given  neror-illv 

and  biopsy  specimens  are  taken  again  1  3  ^n(l■4 
hours  after  the  ingestion  of  glucose  ’  ’ 


478 


Physiology  and  Biochemistry  of  the  Skin 


In  contrast  to  the  frankly  “diabetic” 
glucose  tolerance  curves,  Urbach  differenti¬ 
ated  an  abnormal  blood  glucose  tolerance 
curve,  with  an  unusually  great  and  steep 
rise  but  a  rapid  return,  accompanied  by  a 
normal  skin  glucose  tolerance  curve.  He 
called  these  abnormal  blood  sugar  curves 
those  of  the  “sympathetic-endocrine  type” 
and  stressed  the  ])oint  that  they  do  not  indi¬ 
cate  diabetes  or  latent  diabetes  and  cannot 
be  made  responsible  for  any  cutaneous  mani¬ 
festations.  IModern  students  of  diabetes,  of 
course,  are  inclined  to  believe  that  a  steep 
and  high  rise  of  the  tolerance  curve  with 
normal  rapid  return  is  without  any  clinical 
significance.  Urbach’s  work  has  never  been 
duplicated,  and  its  significance,  physiologi¬ 
cally  and  clinically,  remains  to  be  estab¬ 
lished. 

The  only  clear-cut  clinical  fact  which  can 
be  related  to  the  changed  chemical  composi¬ 
tion  of  the  skin  in  diabetes  is  the  greatly  in¬ 
creased  susceptibility  to  staphylococcic  and 
monilial  infections  and  the  greater  severity 
of  these  infections  in  diabetics.  This  clinical 
observation  was  substantiated  experimen¬ 
tally  by  Pillsbury  and  Sternberg  (42),  who 
found  that  experimental  pyogenic  infections 
were  definitely  more  severe  in  dogs  on  a 
high-carbohydrate  intake  than  in  those  on 
either  a  low-carbohydrate  or  a  high-fat  diet 
or  in  fasting  dogs.  The  interpretation  of  this 
phenomenon  is  still  controversial.  1  he  sim- 
I)lest  explanation,  of  course,  would  be  that 
skin  with  a  higher  glucose  content  offers  a 
better  culture  medium  for  these  organisms 
than  does  normal  skin.  However,  it  was 
pointed  out  by  Pillsbury  and  Kulchar  (41), 
with  reference  to  several  data  in  the  older 
literature,  that  some  patients  with  severe 
diabetes  may  have  an  entirely  normal  re¬ 
sistance  to  infection  and  that  thus  the  in¬ 
creased  amount  of  glucose  in  the  skin  is  ap¬ 
parently  not  the  sole  reason  for  the  de¬ 
creased  resistance  to  infection.  Pillsbury 
(39)  mentioned  older  views,  according  to 
which  an  intermediate  in  glucose  meta  k)- 
lism  might  be  incriminated  for  diabetic  skin 
manifestations,  and  he  speculated  that  pos¬ 
sibly  lactic  acid  could  be  this  intermediate. 


particularly  because  data  are  available  to 
show  that  lactic  acid  promotes  bacterial 
growth,  is  toxic  for  leukocytes,  and  pro¬ 
motes  inflammation  as  well.  Later  on,  how¬ 
ever,  the  inteqiretation  of  the  influence  of 
excess  carbohydrate  on  infections  has  been 
that  it  is  exerted  through  its  effect  on  the 
water  content  of  the  skin  (23,  42).  Increased 
carbohydrate  intake  leads  to  water  reten¬ 
tion  (41),  while  carbohydrate  restriction  re¬ 
sults  in  dehydration.  Kulchar  and  Alderson 
(23)  showed  that  dehydration  effectively 
decreases  susceptibility  to  experimental  in¬ 
fections  of  the  skin. 

In  the  discussion  of  the  problem  of  in¬ 
creased  susceptibility  to  infections  in  dia¬ 
betes  and  in  excess  carbohydrate  feeding, 
the  chemical  composition  of  the  skin  surface 
film,  as  contrasted  with  the  chemical  com¬ 
position  of  the  skin  tissue,  has  not  been  con¬ 
sidered.  The  skin  surface  film  extends  into 
the  horny  layer  and  into  the  follicular  canal. 
An  increase  in  the  amount  of  glucose  in  this 
film  (as  related  to  surface)  might— at  least 
theoretically — promote  the  take  and  thriv¬ 
ing  of  Candida  albicans  in  the  horny  layer 
and  of  staphylococci  in  the  follicular  canal. 
Particularly,  if  it  were  shown  unequivocally 
that  sweat  in  diabetes  and  in  excess  carbo¬ 
hydrate  feeding  contains  more  glucose  than 
normal,  the  direct  promoting  effect  of  in¬ 
creased  amounts  of  glucose  on  exogenous 
infections  still  would  remain  a  possibility. 

Uilucose  excreted  with  the  sweat  (p.  209) 
remains  on  the  skin  surface  after  the  water 
has  evaporated.  Up  to  recent  times  it 
seemed  to  be  well  established  that  the  glu¬ 
cose  content  of  sweat  depends  primarily  on 
the  level  of  the  blood  sugar  (p.  209)  and  that 
therefore  it  is  increased  in  diabetes  and^  in 
excessive  carbohydrate  intake  (28,  50).  Tal¬ 
bert  et  at.  (50)  showed  that  the  blood  sugar 
can  be  lowered  by  i)rofuse  sweating,  par¬ 
ticularly  if  it  is  driven  high  by  the  adminis¬ 
tration  of  carbohydrates.  Carrie  and  Koenig 
(9)  specifically  tested  the  skin  film  in  dia¬ 
betics  and  found  abnormally  large  amounts 
of  glucose.  Thus  it  appears  possible  that  the 
hitherto  une.xplained  variations  in  suscepti¬ 
bility  to  infections  in  diabetics  depends 
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primarily  on  the  individually  highly  variable 
efficiency  of  sweat  glands  and  on  the  amount 
of  sweat  actually  secreted,  according  to 
atmospheric  temperature,  exercise,  etc. 
However,  lately  Lobitz  et  al.  (25,  24),  col¬ 
lecting  sweat  from  the  palmar  surface  of 
fingertips,  found  no  increased  amounts  of 
sugar  in  the  sweat  of  diabetics  (p.  209).  Thus 
even  the  simple  problem  as  to  whether  sugar 
accumulates  on  the  skin  surface  in  abnormal 
quantities  when  the  supply  from  the  blood  is 
increased  has  not  been  definitely  settled. 
This  is  just  one  more  example  of  how  much 
more  simple  experimentation  remains  to  be 
done  in  the  domain  of  investigative  derma¬ 
tology. 

Not  only  glucose  but  lactic  acid  also  may 
accumulate  on  the  skin  surface,  again  deriv¬ 
ing  from  sweat.  Lactic  acid  concentration  in 
sweat  is  high  but,  at  the  same  time,  very 
variable  (p.  211).  The  variations  in  the  lactic 
acid  content  of  the  surface  may  play  a  role 
in  variable  susceptibility  to  infections. 

If  one  attempts  to  evaluate  the  possible 
clinical  significance  in  changes  of  water 
content  in  the  skin  under  the  influence  of 
carbohydrate  accumulation,  one  encounters 
the  difficulty  that  water  accumulates  in  the 
corium  (p.  496)  but  not  in  epithelial  tissue 


and  not  on  the  surface.  Thus  if  cutaneous 
infections  by  bacteria  and  fungi  are  facili¬ 
tated  and  aggravated  by  increased  water 
content,  this  might  come  into  operation  only 
after  the  organisms  penetrated  through  the 
epidermis  or  appendages.  They  can  take  ad¬ 
vantage  of  a  high  water  content  only  in  the 
corium. 

Gross  suggested  that  cutaneous  mani¬ 
festations  of  diabetes  may  be  connected 
with  a  relative  insufficiency  in  vitamins,  be¬ 
cause  these  manifestations  sometimes  can 
be  controlled  by  vitamin  and  liver-extract 
administration  (18). 

In  a  remarkable  series  of  experiments 
Monacelli  et  at.  (32,  44)  found  that  the  glu¬ 
cose  content  of  the  uninvolved  skin  in  psori¬ 
atic  patients  is  considerably  higher  than 
normal.  In  the  skin  of  normal  persons  the 
values  were  between  44  and  56  mg.  per  cent, 
with  an  average  of  52  mg.  per  cent,  while  in 
the  uninvolved  skin  in  psoriasis  the  range 
was  65-105  mg.  per  cent,  and  the  average 
was  79  mg.  per  cent  glucose  per  wet  weight 
of  skin  tissue.  Monacelli  and  Ribuffo  (32) 
also  presented  indirect  evidence  that  the 
phosphorylation  of  glucose  in  the  skin  is 
deficient  in  psoriasis. 
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IT  SHOULD  be  emphasized,  possibly  more  so 
for  the  skin  than  for  any  other  living  tis¬ 
sue,  that  fatty  substances  in  tissues  consist 
of  two  different  kinds  of  elements.  One  is  the 
fat  deposited  between  cells  and  used  as  fuel 
reserve.  This  portion  consists  mainly  of 
glycerides  of  palmitic,  stearic,  and  oleic 
acids,  and  it  varies  greatly  with  the  nutri¬ 
tional  state  of  the  organism.  The  other  part, 


mainly  sterols  and  phospholipids,  are  con¬ 
stant  elements,  independent  of  the  nutri¬ 
tional  state.  They  are  part  of  the  actual 
texture  of  cells  and  tissues  and  are  present 
in  a  rather  constant  quantity  and  proportion 
in  living  tissues.  They  constitute  a  small 
percentage  of  the  total  fat.  Therefore,  data 
on  total  fat  mirror  primarily  the  amount  of 
depot  fat. 


I.  TOTAL  FAT  CONTENT  OF  THE  SKIN 


The  total  fat  content  of  human  skin  (epi¬ 
dermis  +  corium)  varies  in  a  wide  range, 
and  it  is  hardly  possible  to  establish  “nor¬ 
mal”  average  values.  Urbach  (50)  found  an 
average  of  6  per  cent  of  the  wet  weight  of 
fresh  skin  to  be  fat,  but  he  also  stated  that 
anything  between  0.7  and  10  per  cent  can  be 
normal.  Nadel  (25),  too,  found  jihysiological 
variations  between  0.3  and  10  per  cent  but 
claimed  that  the  percentage  is  rarely  more 
than  3.5.  The  fat  content  of  the  skin  is  quite 
obviously  influenced  by  the  nutritional 
state.  If  the  subcutaneous  tissue  is  poorly 
developed,  there  is  less  fat  also  in  the  skin 
proper  (25).  A  remarkable  feature  was  dis¬ 
covered  by  Kooyman  (18)  in  the  albino  rat: 
the  fat  content  of  the  skin  varied  inversely 
with  the  size  of  the  animal;  with  striking 
regularity,  the  skin  of  large  rats  had  the 


low'est,  that  of  small  rats  the  highest,  total 
fat  content.  There  is  less  fat  in  the  papillary 
layer  +  epidermis  than  in  the  reticular  layer 
in  human  skin  (50,  25).  In  the  albino  rat,  the 
skin  of  females  has  a  much  higher  fat  con¬ 
tent  than  that  of  males  (15).  This  sex  dif¬ 
ference  is  highly  significant  also  if  the  fat 
content  is  related  to  dry  weight  and  can  be 
demonstrated  in  various  kinds  of  dietary 
regimes  (15,  56).  \\  hether  this  sex  difference 
exists  in  humans  is  not  known. 

Just  as  the  skin  functions  as  a  depot  for 
water  (p.  496),  so  it  seems  to  be  a  reservoir 
fwfat.  Haldi  et  al.  (15,  56),  investigating  the 
effect  of  different  feeding  forms  in  the  rat 
found  large  fat  deposits  in  the  skin  of  ani¬ 
mals  fed  on  a  high-carbohydrate  diet  and  an 
even  higher  fat  content  in  the  skin  of  ani¬ 
mals  fed  on  a  high-fat  diet.  Concurrently,  as 
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the  water  content  and  the  protein  content 
of  the  total  skin  diminished,  the  glycogen 
content  remained  essentially  unchanged 
(Table  1).  Conversely,  as  shown  by  Mat¬ 
thews,  Newton,  and  Bloor  (21),  when  fat  is 
mobilized  to  the  liver  in  pancreatectomized 
animals,  the  total  fat  loss,  percentagewise, 
is  greatest  from  the  skin. 

However,  this  depot  function  for  fats  is 
not  so  clear  as  that  for  water.  First,  there  is 
always  an  inverse  correlation  between  fat 
and  water  content,  and  sometimes  it  is  hard 
to  figure  out  whether  the  change  in  water  or 


56)  show  a  great  and  preferential  increase  in 
fat  content  of  the  skin  proper  on  high- 
carbohydrate  and  high-fat  intake,  even 
if  the  values  are  calculated  for  dry  sub¬ 
stance.  In  Haldi’s  experiments  adherent  fat 
was  removed  from  the  skin  samples. 

In  animals  on  a  fat-free  diet  the  skin  (or 
skin  plus  subcutaneous  tissue)  seems  to  re¬ 
tain  more  fat  than  other  organs  do  (18,  40). 
Smedley-MacLean  and  Hume  (40)  found  an 
amazingly  great  ability  of  the  skin  to  retain 
fat  in  rats  which  were  kept  on  a  fat-free  diet. 
Even  more  surprising  was  the  observation 


TABLE  1* 


Water,  Fat,  Protein,  and  Glycogen  Content  of  Skin 
OF  Albino  Rats  on  Various  Diets  (15) 


Diet  Form 

Males 

Females 

Water 

Fatt 

Protein 

(NX6.25) 

Glycogen 

Water 

Fatt 

Protein 

(NX6.25) 

Glycogen 

Stock  diet . 

60.3 

6.6 

29.6 

0.073 

51.1 

12.0 

25.0 

0.064 

High  carbohydrate. 

55.1 

9.3 

28.3 

.069 

43.7 

20.1 

23.5 

.045 

High  fat . 

51.4 

17.6 

24.5 

0.075 

39.2 

31.6 

19.4 

0.050 

*  Each  value  represents  an  average  of  8  experiments.  t  As  fatty  acid. 


in  fat  content  is  the  primary  event.  Second, 
some  of  the  pertinent  experiments  were  done 
on  skin  specimens  which  were  not  clearly 
separated  from  the  subcutaneous  tissue. 
“Normal”  values  as  high  as  25-26  per  cent 
fat  in  “skin”  (21,  1)  clearly  indicate  that 
subcutaneous  fat  must  have  been  contained 
in  “skin”  specimens.  Nevertheless,  at  least 
the  dietary  experiments  of  Haldi  et  al.  (15, 


that  the  longer  the  rats  were  fat-starved, 
the  higher  was  the  lipid  content  of  their  skin. 
The  skin  also  contained  most  of  the  essen¬ 
tial  fatty  acids  (p.  318)  in  the  animals  which 
were  kept  on  diets  deficient  in  these  acids. 
One  could  speculate  that  such  essential 
fatty  acids  might  be  synthesized  by  seba¬ 
ceous  glands  (p.  318).^ 


II  TOTAL  LIITI)  CONTENT  OF  THE  EPIDERMIS 


Total  lipid  content  of  mouse  epidermis  in 
relation  to  total  nitrogen  content  was  esti¬ 
mated  by  Wicks  and  Suntzeff  (53).  Values  m 
six  {xioled  samples  ranged  from  4.74  to  6.71 
mg.  and  averaged  5.25  mg.  total  lipids  per 
milligram  of  nitrogen.  These  are  surprisingly 
high  values,  which  mean  that  there  is  almost 
as  much  lipid  in  the  epidermis  as  there  is 
protein.  If  all  nitrogen  is  taken  as  protein- 
nitrogen,  the  lipid/protein  relation  in  the 
epidermis  appears  to  be  1:1.2,  while  the 


same  relation  for  total  rat  skin,  calculated 
from  the  data  of  Haldi  et  al.  (15),  is  1  ;4.5  in 
the  male  and  1 :2.1  in  the  female. 

1.  Smedley-MacLean ’s  deficiently  fed  rats  ke})t 
on  living  but  did  not  grow.  Apparently,  the  tin\ 
amounts  of  essential  fatty  acids  retained  were  suffi¬ 
cient  to  allow  maintenance  of  essential  life-processes 
hut  did  not  permit  new'  cell  formation.  The  skin 
became  dry,  and  the  horny  layer  was  not  cast  off 
but  remained  as  a  hard,  thick  layer  (40,  55).  I  he 
granular  layer  was  more  distinct  than  in  normal  rat 
skin  (55). 


Li pid  Constituents 
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III.  STEROLS 


Cholesterol  is  the  principal  sterol  of  the 
animal  organism  and  is  present  in  all  living 
cells  as  free  alcohol  and  esterified  with  fatty 
acids.  In  all  tissues  cholesterol  is  accom¬ 
panied  by  a  saturated  derivative,  dihydro¬ 
cholesterol  or  i3-cholestanol  (pp.  vI23-24).  In 
the  routine  cholesterol  estimation  methods, 
the  sum  of  these  two  compounds  is  esti¬ 
mated.  It  is  not  known  yet  what  percentage 
of  the  “cholesterol”  in  skin  tissues  is  dihy¬ 
drocholesterol.  It  is  present  in  skin  surface 


doubled  in  pancreatectomized  cats,  in  spite 
of  a  huge  reduction  in  the  skin’s  total  fat 
content.  In  the  same  animals  the  cholesterol 
content  of  the  liver  is  considerably  de¬ 
creased  (21). 

Available  data  are  insufficient  to  cal¬ 
culate  how  the  cholesterol  is  distributed 
between  epidermis  and  dermis.  In  mouse 
epidermis  0.270  mg  mg  protein-N  was 
found  (53,  44).  This  figure  would  indicate 
that  the  cholesterol/protein  ratio  is  not 


T.VBLE  2 


Cholesterol  Content  of  Skin,  Expressed  in  Mg.  per 
100  Gm.  Dry  Substance  Tissue 
(.\verage  Values) 


Species 

Choles¬ 
terol 
(Mg.  Per 
Cent) 

Remarks 

.\dult  rats  (43) .... 

218 

Subcutaneous  fat  removed  before  analysis 

Adult  rats  (1) . 

261 

Specimens  possibly  contain  subcutaneous  fat 

Adult  dogs  (28) .... 

394 

Specimens  possibly  contain  subcutaneous  fat 

.Vdult  cats  (21) .... 

350 

Specimens  possibly  contain  subcutaneous  fat 

Adult  men  (22) .... 

367 

Subcutaneous  fat  removed  before  analysis 

fats  (p.  324).  The  cholesterol  content  of  the 
skin,  as  compared  with  other  tissues,  is  rela¬ 
tively  high  (42).  Some  of  the  values  are 
given  in  Table  2.  Unfortunately,  in  some 
cases,  it  is  not  clear  whether  subcutaneous 
fat  was  included  or  not. 

There  is  a  pronounced  decline  of  choles- 
ffirol  content  in  the  skin  tissue  with  age,  as 
is  best  shown  in  the  data  of  A.  Meyer  (22) 
(Table  3).  Originally,  it  was  thought  that 
the  diminution  of  cholesterol  content  with 
age  was  due  to  atrophy  of  the  sebaceous 
glands  (9).  However,  it  was  pointed  out  (22) 
that  fetal  skin,  which  has  more  than  three 
times  more  cholesterol  than  adult  skin,  does 

not  yet  have  well-developed  sebaceous 
glands. 

Changes  in  cholesterol  content  are  en¬ 
tirely  independent  of  changes  in  the  amount 
of  dermal  depot  fat.  For  instance,  the  cho¬ 
lesterol  content  of  the  skin  is  more  than 


much  higher  in  the  epidermis  than  in  the 
corium.  However,  in  human  epidermis  from 
palms  and  soles  separated  by  acetic  acid, 

TABLE  3 

Total  Sterol  Content  of  Skin  Expressed 
IN  Mg.  per  100  Gm.  Dry  Substance  (22) 

Sterols 

(Mg. 

Per 

Cent) 

Fetal  skin .  1203 

Skin  of  newborn .  547 

Skin  of  children  up  to  14  years  of  age. .  493 

Skin  of  adults  above  14  years  of  age.  .  .  367 

Kooyman  (17)  found  0.74-1.13  per  cent,  or 
an  average  of  0.9  gm.  cholesterol  per  100  gm. 
dry  weight,  which  appears  to  be  two  and  a 
half  to  three  times  greater  than  the  con¬ 
centration  in  the  total  skin.  It  is  to  be  hoped 
that,  with  satisfactory  separation  methods 
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available  (51),  direct  comparative  measure¬ 
ments  of  constituents  in  epidermis  and 
corium  in  the  same  specimen  of  skin  will 
soon  be  forthcominir. 

I  he  relation  of  free  to  esteritied  choles¬ 
terol  in  rat  skin  was  estimated  by  Sturges 
ct  at.  (43).  While  the  total  cholesterol  con¬ 
tent  did  not  show  regional  variations,  there 
were  great  regional  differences  in  the  free  to 
total  cholesterol  ratio.  Average  values  were 
60  per  cent  free  cholesterol  in  facial,  47  per 
cent  in  abdominal,  and  35  per  cent  in  dorsal 
skin.  In  rabbit  skin  Onizawa  (26)  found  81 
per  cent  of  the  cholesterol  nonesterified.  He 
claimed  that  the  skin,  together  with  testi- 


pointed  out  in  1929  (33).  This  was  done  in 
1932  by  Kooyman  (17),  who  found  Unna’s 
claim  to  be  true.  He  separated  the  epi¬ 
dermis  of  j)alms  and  soles  from  human  ca¬ 
davers  by  dilute  acetic  acid,  scraj)ed  off  the 
lower  and  the  upper  surfaces,  and  carried 
out  lipid  estimations  separately  in  the  total 
epidermis,  in  the  lower  (so-called  “basal”) 
layers,  and  in  the  upper  (horny)  layers. 
As  Table  4  shows,  Kooyman  found  only  1.8 
per  cent  of  the  total  cholesterol  esterified  in 
the  basal  layers,  whereas  in  the  horny  layer 
18.1  per  cent  were  esterified.  It  should  be 
emiihasized  that  Kooyman’s  data  were  ob¬ 
tained  from  plantar  and  palmar  epidermis. 


TABLE  4* 


Lipoid  Content  of  Epidermis  of  Palms  and  Soles  (17) 


Layer 

Phospho¬ 

lipids 

Total 

Cholesterol 

Free 

Cholesterol 
(Per  Cent  of 
Total 

Cholesterol) 

Phospho¬ 
lipids  per 
Cholesterol 

Total  Fatty 
Acids 

Total  epidermis.  .  . 

0.63 

0.90 

92 . 6 

0.70 

1.71 

“Basal  layers”.  .  .  . 

2.62 

1 . 56 

98.2 

1.8 

3 . 94 

Horny  layer . 

0. 14 

0.73 

81.9 

0.20 

2.8/ 

*  Average  lipoid  values  in  percentages  of  dry  weight. 


cles,  muscles,  brain,  and  lungs,  belongs  to 
the  group  of  organs  which  have  the  lowest 
cholesterol  ester  content.  No  regular  change 
of  the  free;  total  cholesterol  ratio  with  age 
was  found  in  human  skin  by  A.  Meyer  (22). 
Her  average  ratio  was  80  per  cent  free  total 
cholesterol. 

Unna  (46-49)  was  the  first  to  claim  that 
in  man,  during  keralinizalion  of  the  epidermal 
cells,  free  cholesterol  undergoes  esterification 
within  the  cornifying  cells.  This  contention 
was  based  on  the  finding  that  a  greater  frac¬ 
tion  of  cholesterol  is  esterified  in  the  horny 
layer  than  in  the  total  epidermis.  Unna’s 
chemical  (47,  48)  and  histochemical  (49,  46) 
methods  were  rather  crude  and  unreliable. 
Still,  the  difference  between  the  esterifica¬ 
tion  percentage  in  the  horny  layer  and  that 
in  the  total  epidermis  was  so  great  that 
Unna’s  findings  seemed  to  deserve  re-ex¬ 
amination  with  more  reliable  methods,  as  I 


areas  which  are  not  supplied  with  sebaceous 
glands.  Thus  this  function  can  be  regarded 
jiurely  as  a  function  of  epidermal  cells. 

Concerning  the  fate  of  cholesterol  in  the 
keratinization  process,  it  was  noted  early 
that  scales  cast  off  in  inflammatory  diseases 
of  the  skin,  collected  mainly  in  cases  of  ex¬ 
foliative  dermatitides,  are  rich  in  choles¬ 
terol.  In  1910  Salkowsky  (34)  isolated  0.15 
gm.  of  pure  cholesterol  palmitate  crystals 
from  4  gm.  of  scales  of  exfoliative  dermatitis, 
that  is,  4  jier  cent  as  calculated  for  the  ester. 
Eckstein  and  W  ile  (14)  found  about  2  per 
cent  cholesterol  in  both  normal  and  ex¬ 
foliative  dermatitis  scales.  Santori  and  Cec- 
carini  (35)  list  similar  values  in  scales  from 
psoriatic,  ichthyotic,  and  other  pathological 
scales,  namely,  0.8-3.8  per  cent.  Prokop- 
tschuk  (30)  found  0.5-2. 3  per  cent  m  psori¬ 
atic  scales.  Altogether,  there  is  no  clear-cut 
difference  between  the  cholesterol  content  of 
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normal  and  that  of  pathological  horny  ma¬ 
terial.  In  the  horny  layer  of  palms  and  soles, 
for  instance,  Kooyman  (17)  found  0.73  j)er 
cent  total  cholesterol  content,  a  value  which 
is  at  the  lower  end  of  the  pathological  range 
but  still  within  that  range. 

In  the  past  a  great  point  was  made  of  the 
claim  that  horny  material  contains  several 
times  as  much  cholesterol  as  do  tissues  in 
general,  and  the  ei)idermis  in  {)articular. 
This  apparent  “enrichment”  or  accumula¬ 
tion  of  cholesterol  as  keratinization  of  the 
epidermis  proceeds  led  to  all  kinds  of  si)ecu- 
lation,  particularly  to  the  assumj)tion  that 


374).  The  cholesterol  and  cholesterol  ester 
content  of  the  fatty  film  on  the  skin  surface 
in  normal  individuals  and  in  skin  diseases  is 
discussed  in  chapter  13. 

The  occurrence  of  sterols  other  than  cho¬ 
lesterol  in  the  skin  tissue  of  rats  w^as  re- 
{)orted  recently  by  Baumann  el  al.  (16).  The 
greatest  part  of  the  so-called  “fast-acting” 
sterols  in  skin  tissues,  which  gave  immediate 
color  reaction  wdth  the  Liebermann-Burck- 
hardt  procedure  and  which  constituted 
nearly  30  per  cent  of  the  total  sterol  content, 
was  identified  by  these  authors  largely  as 
A'^-cholestenol,  a  cholesterol  derivative  wdth 
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the  “formation”  of  cholesterol  is  an  obligate 
factor  in  keratinization  (33). 

It  is  unnecessary  to  deal  with  details  of 
this  speculation  because,  actually,  there  is 
no  enrichment  in  cholesterol  in  the  horny 
layer.  It  looks  as  if  the  horny  layer  were  rich 
in  cholesterol  only  because  of  its  e.xtremely 
low  water  content.  If  the  available  data  are 
calculated  in  percentages  of  dry  weight,  it 
appears  that  if  anything  haiipens  to  choles¬ 
terol  during  keraUnization,  it  is  rather  a 
decrease  than  an  increase  in  concentration. 
The  data  of  Kooyman  (17),  for  instance, 
indicate  that,  calculated  for  dry  weight  the 
noncornified  part  of  the  epidermis  contains 
1.0  per  cent  cholesterol  and  the  horny  layer 
only  half  that  much,  namely,  0.73  per  cent. 
It  IS  quite  obvious  that  the  pseudo-increase 
in  concentration  of  cholesterol  in  the  horny 
layer  is  due  exclusively  to  the  dehydration 
vvhich  takes  place  during  keratinization  (p 


a  double  bond  between  and  Cs  (Fig.  1) 
instead  of  between  C5  and  Cg.  Biologically 
active  steroid  hormones  so  far  have  not 
been  shown  to  occur  in  skin  tissue. 

By  far  the  most  important  finding  in  re¬ 
cent  times  has  been  the  demonstration  of 
the  great  activity  of  skin  tissue  in  choles¬ 
terol  synthesis.  1  hat  the  animal  organism  is 
able  to  synthesize  cholesterol  was  first 
shown  in  balance  exiieriments  by  Schon- 
heimer  (36).  Bloch  and  Rittenberg  (3),  using 
deuterium-labeled  acetate,  and  more  re¬ 
cently  Anker  (2),  using  C^^-labeled  acetate 
definitely  established  that  cholesterol  is 
synthesized  by  the  liver  from  2-carbon  atom 
radicals.  Chaikoff  et  al.  (42),  also  using  C^^- 
labeled  acetate,  demonstrated  that  the  skin 
tissue  of  the  adult  rat  in  vitro  is  as  active  in 
synthesizing  cholesterol  from  acetate  as  is 
he  hver;  the  skin  of  1-, lay-old  rats  is  two  to 
two  and  a  half  times  more  .active  than  the 
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liver.  The  two  tissues  which  apparently  are 
most  concerned  with  cholesterol  synthesis 
are  the  liver  and  the  skin.  In  Chaikoff’s  ex¬ 
periments  the  skin  probably  accounted  in 
large  measure  for  the  demonstrated  cho¬ 
lesterol  synthesis  in  eviscerated  rats,  in 


view  of  the  skin’s  bulk  and  high  activity. 
Obviously,  the  biosynthesis  of  cholesterol  is 
performed  by  the  living  cells  of  the  epi¬ 
dermis,  and  this  function  is  not  connected 
with  the  keratinization  process  (pp.  374  and 
487). 


IV.  PHOSPHOLIPIDS 


Phospholipids  are  compound  fat-soluble 
substances  that  contain  in  their  molecule,  in 
addition  to  fatty  acids  and  glycerol,  a  ni¬ 
trogenous  base  (such  as  choline  or  ethanol 
amine)  and  phosphoric  acid.  These  vitally 
important  compounds,  with  highly  complex 
physiological  and  biochemical  functions,  are 
universally  found  in  living  cells,  and  their 
concentration  in  tissues  is  remarkably  con¬ 
stant.  The  relation  between  phospholipids 
and  mitochondria  of  the  cytoplasm  was 
recognized  early  (38).  Mitochondria  have 
physical  and  chemical  properties  similar  to 
those  of  phospholipids,  and  there  is  close 
parallelism  between  the  phospholipid  and 
mitochondria  content  of  tissues.  The  mito¬ 
chondria,  the  site  of  complex  enzymatic 
functions,  play  an  important  role  in  the 
physiological  activities  of  all  living  cells."  In 
tissues  with  high  activity,  a  high  phospho¬ 
lipid  content  can  be  expected.  Malignant 
tumors,  for  instance,  contain  three  times  as 
much  phospholipid  as  do  benign  tumors.  Or 
the  phospholipid  content  of  mammary  glands 
in  rabbits  is  doubled  during  lactation  (7). 

Phospholipids  interact  in  the  absorption 
of  fats  when  the  fatty  acids  of  hydrolyzed 
fat  are  linked  with  the  [)hosphoric  acid-base 
complex.  They  are  agents  of  oxidoreductive 
reactions  by  hydrogenation  and  dehydro¬ 
genation  of  the  double  bonds  of  their  un 
saturated  fatty-acid  components.  They  have 
a  decisive  role  in  the  maintenance  of  the 
jihysical  state  of  the  protoplasm  and  par¬ 
ticularly  of  the  cell  membrane  (38,  39).  A 
well-regulated  balance  exists  between  the 
concentration  of  phospholipids  and  that  of 


2.  For  resulls  of  modern  research  on  mitochon¬ 
dria  see  Symposium:  the  structure  and  I)iocheniistry 
of  mitochondria,  J.  Histochem.  &  Cytochem., 

1:179-276, 1953. 


sterols.  The  biochemical  activity  of  phos¬ 
pholipids  is  counteracted  or  regulated  by  the 
presence  of  cholesterol  (8). 

The  phospholipid  content  of  total  mam¬ 
malian  skin  in  the  adult  is  0.7-0. 8  per  cent 
of  the  dry  weight  (21,  31).  A  remarkably 
large  difference  in  the  phospholipid  content 
of  the  skin  in  young  and  adult  animals  was 
noted  by  Rewald  and  Schwieger  (31).  They 
found  1.18  per  cent  phospholipids  in  calves’ 
skin  and  only  0.73  per  cent  in  cows’  skin  as 
related  to  dry  weight.  These  authors  also 
claimed  that  the  feeding  of  large  doses  of 
phospholipids  (soybean  oil)  results  in  ex¬ 
traordinarily  abundant  hair  growth  in  dogs, 
rabbits,  and  hogs. 

Like  young  tissue,  repair  tissue  is  dis¬ 
tinguished  by  a  high  phospholipid  content. 
Taylor  et  al.  (45)  found  that  in  healing  skin 
wounds  of  rats  the  repair  tissue  makes  about 
30  per  cent  of  the  total  lipids  in  the  stage  of 
most  rapid  healing,  as  compared  with  ap¬ 
proximately  3  per  cent  in  normal  tissue. 

In  the  epidermis,  corresponding  with  its 
considerably  higher  cell  content,  the  phos¬ 
pholipid  content  is  higher  than  in  the  cori- 
um.  In  human  palmar  and  plantar  epidermis 
minus  the  horny  layer,  Kooyman  (17)  ob¬ 
tained  2.62  per  cent  phos[)holii)ids  per  dry 
weight  (see  Table  4,  p.  486),  which  is  more 
than  three  times  the  concentration  of  that 
of  the  total  skin  (45). 

The  basal  cells  of  the  epidermis,  like  any 
other  actively  proliferating  cell  type,  are 
rich  in  mitochondria.  4  hey  can  be  seen  in 
the  lower  parts  of  the  cytoplasm  close  to  the 
corium.  But  as  the  cells  move  to  higher 
strata,  the  mitochondria  become  scattered 
and  diminish  in  number  until  they  may  be 
entirely  absent  in  the  stratum  lucidum  and 
horny  layer  (20).  In  perfect  analogy  to  these 
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microscopic  findings  are  the  results  of  chern- 
ical  analyses.  They  show  that,  whereas  in 
the  lower  layers  of  the  epidermis  the  amount 
of  phospholijuds  is  considerable  (2.62  per 
cent  per  dry  weight),  there  is  only  0.14  per 
cent  per  dry  weight  of  tissue  left  when  ker- 
atinization  is  comjdeted  (17)  (see  Table  4, 
p.  486). 

As  mentioned,  the  phospholipid/ choles¬ 
terol  ratio  is  regarded  as  a  vitally  important 
relation  for  the  maintenance  of  the  physio¬ 
logical  colloidal  state  of  the  protoplasm. 
This  relationship,  as  is  to  be  expected  in  any 


process  connected  with  the  death  of  cells,  is 
greatly  disturbed  in  the  keratin  layer.  Dur¬ 
ing  keratinization  only  about  half  the  cho¬ 
lesterol  disappears  (p.  487),  whereas  the 
j)hospholipids  disappear  almost  completely: 
only  about  one-twentieth  of  the  epidermal 
phospholipids  is  left  in  the  horny  cell.  The 
ratio  phospholipids, /cholesterol  thus  de¬ 
creases  from  1.8  to  0.2  (see  Table  4,  p.  486). 
The  disintegration  of  phospholipids  during 
the  keratinization  process  has  also  been  in¬ 
directly  demonstrated  by  following  the  fate 
of  choline  during  keratinization  (41). 


V.  CHOLINE 


Choline  is  the  nitrogenous  base  of  leci¬ 
thin,  the  most  widely  distributed  phospho¬ 
lipid.  As  shown  in  Table  5,  most  of  the  cho¬ 
line  (about  95  per  cent)  is  present  in  bound 
form  both  in  the  epidermis  and  in  the  dermis 
of  human  skin  as  determined  by  the  micro¬ 
biological  method.  Apparently,  choline  is 
bound  as  a  constituent  of  phospholipids.  The 
heat-separated  epidermis  contains  about  six 
times  more  choline  than  does  the  heat- 
separated  dermis.  In  scales,  however,  60-80 
per  cent  of  the  total  choline  is  present  in  a 
free  form,  an  indication  that  during  kera¬ 
tinization  i)hospholipids  undergo  consider¬ 
able  hydrolytic  decomposition. 

Another  remarkable  finding  has  been  that 
the  normal  horny  layer  contains  twenty 
times  less  choline  than  does  the  epidermis. 
Thus  it  seems  that  in  the  keratinization 
process  choline  is  not  only  liberated  from  its 
j)hospholipid  complex  but  also  decomposed 
to  a  considerable  degree. 

Most  work  on  choline  in  my  laboratory' 
(41)  was  done  on  pathological  scales  because 
of  the  easy  availability  of  such  material. 
Using  the  microbiological  method,  we  found 
( I  able  5)  that  in  pathologically  accelerated 
keratinization,  as  it  occurs  in  postinflam- 
matory  scaling,  in  psoriasis,  and  in  exfolia¬ 
tive  dermatitis,  decomposition  of  choline  is 
less  complete  than  if  the  keratinization 
l)rocess  is  physiological.  In  comparing  our 
choline  values  with  our  clinical  data,  we 
came  to  the  conclusion  that  the  more  the 


keratinization  is  accelerated,  the  more  cho¬ 
line  is  left  in  the  scales. 

These  results  were  confirmed  recently  by 
Ottenstein  et  at.  (27).  These  authors,  work¬ 
ing  with  both  the  microbiological  and  the 
chemical  choline  estimation  methods,  found, 

TABLE  5 


Free  and  Total  Choline  Content  of 
Cutaneous  Elements  (41) 
(Mg/Gm  Wet  Weight) 


Free 

Total 

Per 

Cent 

Free 

Epidermis,  human  cadav¬ 
er,  abdominal  skin . 

0.067 

1.2 

5  6 

Corium,  human  cadaver, 
abdominal  skin .  .  . 

0.009 

0.18 

5.0 

Normal  (scraped)  scales. . 
Scales  (postinflammatory. 

0.051 

after  sunburn) .  .  . 

0  022 

.036 

61.1 

71  7 

Psoriasis  scales. . . 

- 1  IS 

244 

Exfoliative  determatitis 
scales  (psoriatic) .  .  . 

0  376 

0.455 

82.7 

in  addition,  that  choline  is  closely  bound  to 
keratin  in  the  horny  layer  and  that  the 
hydrolytic  liberation  of  choline  from  phos¬ 
pholipids  during  keratinization  is  a  function 
of  the  pH. 

The  desHuction  of  phospholipids  during 
keratinization  involves  liberation  of  free 
fatty  acids,  which  may  be  responsible  for 
the  esterification  of  cholesterol  in  the  horny 
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layer  (p.  486)  and  for  the  esterification  of  the  surface  (]>.  313)  stem— at  least  in  part— 
alcohols  (19).  There  is  also  a  possibility  from  the  hydrolytic  decomiiosition  of  phos- 
that  the  large  amount  of  free  fatty  acid^jm  jiholipids. 
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L  W.VTER  CONTENT  OF  THE  SKIN 


A.  WATER  CONTENT  OF  TOTAL  SKIN 

'^HE  determination  of  the  water  content 
A  of  the  skin  with  no  adherent  subcutane¬ 
ous  fat  yields  rather  constant  values  under 
standardized  technics  and  experimental  con¬ 
ditions.  In  a  particular  animal  species,  speci¬ 
mens  must  be  taken  from  a  specified  site 
from  animals  of  the  same  age  group  and  sex; 
the  animals  must  be  kept  on  a  standard  diet ; 
the  skin  must  be  thoroughly  homogenized; 
and  the  values  must  be  related  to  the  weight 

of  fat-free  skin  (94,  2,  17,  13). 


The  extraction  of  fat  before  the  estima¬ 
tion  of  water  content  is  necessary  because  of 
the  highly  variable  amounts  and  distribu¬ 
tion  of  fat  in  the  corium  (94,  2)  (p.  483)  and 
also  because  of  the  difficulty  in  removing 
subcutaneous  fat  completely  (17).  If  con¬ 
centrations  of  electrolytes  are  to  be  related 
to  total  weight  or  to  water  content,  it  is  more 
logical  to  express  values  in  terms  of  fat-free 
skin,  because  electrolytes  are  biologically 
active  only  when  dissolved  in  water.  The 
admixture  of  more  or  less  fat,  which  is  not 
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miscible  with  water,  is  accidental  (75).  The 
work  of  Eichelberger  el  al.  on  the  skin  of 
dogs  (1/,  20)  and  man  (22)  clearly  showed 
that  reproducible  results  can  be  obtained 
only  if  water  and  electrolyte  values  are 
expressed  in  their  relation  to  the  weight  of 
fat-free  skin. 

In  order  to  obtain  the  water  content  and 
express  it  in  terms  of  fat-free  tissue,  the 
skin,  as  removed  from  the  body,  is  dried  to 
constant  weight  and  then  extracted  with 
dry  ethyl  ether.  Thus  only  the  “free”  fat  is 
removed.  Comjilete  removal  of  all  fatty  con¬ 
stituents  from  the  corium  requires  acidifica¬ 
tion  prior  to  extraction  (63),  apparently  be¬ 
cause  of  the  presence  of  lipoproteins,  which 
have  to  be  split  in  order  to  remove  all  the 
“fat”  (63).  Because  the  fat  obtained  after 
acid  hydrolysis  contains  the  intracellular 
and  vitally  important  lipids,  it  is  probably 
more  correct  for  analytical  purposes  to  ex¬ 
tract  the  skin  at  body  pH,  Other  methodo¬ 
logical  problems  in  the  estimation  of  the 
water  content  of  the  total  skin  were  dealt 
with  by  F.  Herrmann  (40),  by  Haldi  el  al. 
(102),  and  by  others. 

The  skin  is  not  an  organ  particularly  rich 
in  water.  In  man  the  weight  of  the  skin  is 
16-18  per  cent  of  the  total  body  weight  (84), 
and  its  water  content  is  18-20  per  cent  of  the 
total  water  content  of  the  body.  Skeletal 
muscles  have  more  water  absolutely  and 
relatively.  They  constitute  41-42  per  cent  of 
the  total  body  weight  and  contain  about 
half  the  total  body  water  (84).  Lepore  (50) 
found  that  the  skin  has  the  lowest  amount 
of  water  per  unit  weight  among  the  soft 
tissues,  and  some  older  data  indicate  the 
same  situation  (79). 

Under  carefully  controlled  exf)erimental 
conditions,  Plichelberger  (17)  found  the 
water  content  of  fat-free  shaved  skin  of 
adult  normal  dogs  to  be  70.83  per  cent  ± 
2.01.  In  man,  fresh  surgical  skin  speciinens 
from  breast  and  from  legs  yielded  69.0-74.0 
I)er  cent  water  in  fat-free  skin,  with  an  aver¬ 
age  value  of  71.77  per  cent  (22).  Older  data 
on  the  water  content  of  the  skin  in  man  were 
estimated  without  previous  fat  extraction 
and  showed  much  greater  variations,  such 


as  56T-71.4  per  cent  (3),  58.2-67.8  (69), 
63.8-70.6  (68).  Some  of  the  average  values 
in  animal  skin,  with  fat  not  extracted,  are: 
dog,  63.86  per  cent  (50);  ox,  61  per  cent 
(63);  calf,  63  per  cent  (63);  rat,  60  per  cent 
(2).  In  general,  values  obtained  without  fat 
extraction  are  closer  to  60  than  to  70  per 
cent.  The  inverse  relation  of  water  and  fat 
content  in  rats  kept  on  different  diets  was 
shown  by  Haldi  el  al.  (33,  34,  35,  102)  (see 
Table  1,  chap.  20). 

Probably,  the  variable  fat  content  is  only 
one  of  the  reasons  for  variations  in  water 
content.  Another  reason  is  the  inhomoge¬ 
neity  of  the  skin  with  variable  proportions 
of  the  different  elements  with  different 
water  content.  The  main  reason,  however,  I 
believe,  is  the  great  ease  with  which  water  is 
shifted  to  and  from  the  corium  according  to 
the  needs  of  the  general  water  metabolism 
(see  p.  496).  This  variable  water  content  can 
be  eliminated  somewhat  if,  prior  to  the  de¬ 
termination,  food  and  fluid  intake  as  well 
as  environmental  temperature  and  humidity 
are  kept  constant  for  several  days  and  if  the 
excision  is  done  after  fasting  for  a  definite 
period  of  time. 

B.  WATER  CONTENT  OF  THE  EPIDERMIS 

The  jiublished  values  on  the  water  con¬ 
tent  of  the  epidermis  were  obtained  from 
heat-separated  epidermis,  a  method  which 
does  not  seem  suitable  for  estimation  of 
water  because  of  the  evaporation  during 
separation  (17).  Still,  at  least  for  mouse  epi¬ 
dermis,  Suntzeff  and  Carruthers  (89)  found 
that  the  water  loss  in  heat  separation  is 
negligible.  Values  obtained  by  scraping  off 
the  epidermis  from  stretched  skin  and  those 
obtained  by  heat  separation  were  jiractically 
identical:  59.5-62.6  and  59.5-61.5  i)er  cent, 
resjiectively,  in  unshaved  skin.  By  relating 
the  concentration  of  single  constituents  to 
the  wet  weight  in  the  heat-sej^arated  epi¬ 
dermis,  these  authors  obtained  as  constant 
and  reliable  results  as  by  relating  concentra¬ 
tion  to  nucleo])rotein-phosphorus  content. 

In  15  si)ecimens  of  human  heat-separated 
epidermis,  Zheullin  and  l-'ox  (1113)  found 
59.4-69.9  })er  cent  water,  with  an  average 
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value  of  64.5  per  cent.  Thus  the  water  con¬ 
tent  of  the  human  epidermis  hai)pens  to  be 
in  the  same  range  as  that  of  total  skin  con¬ 
taining  fat.  However,  one  has  to  consider 
the  j)resence  in  the  epidermis  of  the  horny 
layer,  which  is  e.xtremely  poor  in  water.  The 
water  content  of  the  rete  alone  is  probably 
considerably  higher.  The  great  variations 
found  by  Zheutlin  and  Fox  (103)  might  be 
caused  partly  by  different  relative  thick¬ 
nesses  of  the  horny  layer. 

C.  DISTRIBUTION  OF  WATER  IN 
THE  CORIUM 

It  was  thought  that  the  papillary  layer 
contains  considerably  more  water  than  the 
reticular  layer  (79).  However,  if  one  cal¬ 
culates  the  resjiective  values  on  a  fat-free 
basis,  this  difference  becomes  smaller  or  is 
reversed,  as  shown  in  Table  1. 


Electrolytes 

ways  associated  with  a  constant  amount  of 
water  and  electrolytes.  If  one  assumes  that 
the  fibrous  material  of  all  connective  tissues, 
whether  dense  or  loose,  corresponds  in  this 
respect  with  that  of  tendons  and  if  one  de¬ 
termines  the  collagen-nitrogen  content,  one 
can  calculate  for  any  connective  tissue  how 
the  water  is  partitioned  between  fibrous  and 
nonfibrous  phases.  On  this  basis  Eichel- 
berger  (15)  calculated  the  distribution  of 
water  in  the  corium.  According  to  this  cal¬ 
culation,  out  of  the  average  715  gm.  of 
water  in  1  kg.  of  fat-free  human  corium,  390 
gm.  of  water  are  associated  with  fibers  and 
325  gm.  with  nonfibrous  proteins. 

D.  INFLUENCE  OF  AGE 

In  the  newborn  the  water  content  of  the 
skin  is  much  higher  than  in  the  adult  organ¬ 
ism.  For  rats  this  was  shown  by  Lowrey 


T.VBLE  1 


Water  Content  of  Upper  and  Lower  Corium  in  Human  Skin  (94,  68) 


Subject 

Water  in 
Whole  Skin 
(Per  Cent) 

Fat 

Content 
(Per  Cent) 

Fat-free 
Solids 
(Per  Cent) 

Water  in 
Fat-free  Skin 
(Per  Cent) 

Not  specified  (94) : 

Ijpklermis-hijapillary  layer.  .  .  . 
Reticular  layer.  .  . 

63.20 

54.63 

69.52 

57.59 

68.81 

63 . 35 

1.52 

17. 19 

0.58 

10.12 

0.36 

1.64 

35.28 

28.18 

29.90 

32 . 09 

30.83 

35.01 

64.2 

66.0 

69.9 

64.3 

69.  1 

64.4 

Mate,  21  years  (6S): 

K[)idermis-fpai)illary  layer. . .  . 
Reticular  layer.  .  . 

Male.^  28  years  (6S)\ 

Epi(lermis-t-i)apillary  layer.  .  .  . 
Reticular  layer. 

- - - 

The  data  of  McLaughlin  and  Theis  (63) 
on  the  skin  of  o.xen  also  reflect  differences  in 
fat  content  rather  than  in  water  content. 
These  authors  studied  a  specimen  with  a 
total  water  content  of  61  per  cent.  The  co¬ 
rium  was  divided  so  that  the  upjier  layer 
represented  20  jier  cent,  the  middle  layer  50 
per  cent,  and  the  lower  layer  v30  jier  cent  of 
the  total  weight.  The  water  content  was 
/4.3o  per  cent  in  the  upper,  61  i)er  cent  in 
the  middle,  and  only  29.78  jier  cent  in  the 
lower  layer. 

Earlier  work  on  tendons  (65)  indicated 
that  the  fibrous  material  in  tendons  is  al- 


(59).  In  human  infants  the  water  content  of 
the  skin  is  81-82  per  cent  (95,  94).  From 
fetal  life  on  to  the  age  of  sixty  there  is  a 
progressive  decline  in  water  content  (4). 
According  to  the  data  of  A.  Meyer  (67),  the 
average  values  of  the  water  content  of  the 
total  skin  are  80  per  cent  in  the  fetus,  68.4 
per  cent  in  the  newborn,  and  62.1  per  cent  in 
adolescents  and  adults.  In  senescence,  how¬ 
ever,  there  is  a  considerable  increase’ again 
94,  4).  It  is  remarkable  that  senile  skin 
which  appears  to  be  “dry,”  has  a  relatively 
high  water  content.  Of  course,  what  is 
usually  called  “dry  skin”  refers  to  the  ap- 


496 


Physiology  and  Biochemistry  of  the  Skin 
pearance  of  the  surface  and  has  nothing  to  were  often  reported  to  contain  more  water 


do  witn  the  water  content.  As  a  matter  of 
fact,  conditions  with  so-called  “dry  skin” 


TABLE  2* 

Water  Content  of  the  Skin  of  .Albino 
Rats  on  Various  Diets  (102) 


Stock  Diet 

High-Car¬ 

bohydrate 

Diet 

High-Fat 

Diet 

Males . 

Females . 

64.7 

58.1 

60.8 
v54. 6 

62.3 

57 . 5 

*  Values  are  expressed  in  percentages  of  fat-free  skin. 


II.  THE  MOBILE  WATER  AND 

A  great  mass  of  water  is  accumulated  in 
the  corium.  Roughly,  in  a  man  weighing  65 
kg.  the  skin  contains  7.5  kg.  of  water.  This 
amount  can  change  considerably  according 


TABLE  3* 

Av.\il.4ble  and  Intracellular  Water  in 
Organs  of  Normal  Dogs  (24) 


Available 

Water 

Intra¬ 

cellular 

Water 

Solids 

Sk  in  . 

0.627 

0.105 

0  268 

Rectus  abdominis 
mnsrle  . 

.123 

.  563 

.275 

Liver  . 

.340 

.401 

.259 

Spleen . 

0.410 

0.366 

0.224 

*  Values  are  expressed  in  cubic  centimeters  per  gram. 


to  the  needs  of  the  organism.  As  contrasted 
with  other  organs,  such  shifts  in  water  con¬ 
tent  can  occur  in  the  corium  without  any 
appreciable  functional  disturbance  (79).  Ex¬ 
cess  water  is  stored  there,  and  in  severe  de¬ 
hydration  the  largest  water  loss  is  borne  by 
the  large  connective-tissue  mass  of  the  skin. 
Older  data  on  this  function  of  the  skin  frorri 
the  schools  of  Magnus  in  Utrecht  and  of 
E.  P.  Pick  in  Vienna  (79)  have  been  con¬ 
firmed  in  newer  contributions,  particularly 
in  the  excellent  work  of  Flemister  (24). 

The  greatest  part  of  the  water  in  the  skin 
is  in  the  interstitial  fluid,  which  can  be  re¬ 
garded  as  an  ultrafiltrate  of  plasma.  The 


than  normal,  e.g.,  skin  in  senile  degenera¬ 
tion,  ichthyotic  skin  (94),  and  skin  in  differ¬ 
ent  atrophic  states  (p.  509). 

A  striking  sex  difference  in  the  water  con¬ 
tent  of  the  skin  of  albino  rats  was  demon¬ 
strated  by  Haldi  et  at.  (34).  Independent  of 
the  diet,  female  skin  has  a  significantly  lower 
water  (and  protein)  content  than  the  skin  of 
males.  Although  one  part  of  this  sex  differ¬ 
ence  is  due  to  higher  fat  content  in  the  skin 
of  females,  differences  remain  when  the 
values  are  calculated  for  fat-free  skins 
(Table  2). 

SALT  DEPOT  OF  THE  SKIN 

total  extracellular  fluid  volume  of  the  body, 
including  plasma  and  interstitial  fluid,  has 
been  called  “available  water”  and  can  be 
measured  by  the  thiocyanate  dilution  meth¬ 
od.  About  75  per  cent  of  the  total  available 
water  is  found  in  the  musculature  and  in  the 
skin.  The  skin  contains  about  four  times  as 
much  available  water  per  unit  weight  as 
muscles  do  (Table  3).  Because  the  total 
mass  of  muscles  is  about  four  times  as  much 
as  that  of  the  skin,  the  absolute  amount  of 
available  water  in  muscles  and  skin  is  in  the 
same  range  (24)  (Table  4).  However,  if  it 
comes  to  either  hydration  or  severe  dehydra¬ 
tion,  the  role  of  the  skin  is  disproportionate- 


TABLE  4 

.Available  Water  in  Organs 
OF  Rabbit,  3  Rg.  (24) 


— 

Other 

Skin 

Muscle 

Liver 

Organs 

Total 

(Calc.) 

.Available  wa¬ 
ter  (cc.) ... 
Percentage  of 

oc 

219 

53 

100 

630 

total  avail¬ 
able  water. 

41.0 

.14.8 

8.4 

15.8 

_ 

100 

ly  high  both  in  receiving  excess  and  in  de¬ 
livering  required  available  water  (Tables 
5  and  6).  This  disproportionality  becomes 
obvious  only  in  excessive  hydration  and  de- 
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hydration.  If  dehydration  is  moderate,  all 
tissues  lose  water  roughly  proportionally  to 
their  available  water  content  (84,  24). 
Whether  the  skin  has  a  special  position  be¬ 
cause  its  connective-tissue  mass  is  more 
continuous  than  that  of  muscle  or  for  some 
other  reason  is  not  known. 

In  an  experiment  by  Eichelberger  et  al. 
(17),  the  water  retention  of  the  skin  in  preg¬ 
nancy  was  shown  by  an  increase  in  water 
content  of  from  70.83  to  75.21  per  cent  in 
the  fat-free  tissue.  In  dogs  made  hyperten¬ 
sive  by  the  Goldblatt  technic,  an  increase  in 


the  water  content  from  70.83  to  74.71  per 
cent  was  observed.  Even  in  these  hyper¬ 
tensive  dogs  with  so  much  water  in  their 
skins,  the  brunt  of  fluid  excess  created  by 
intravenous  saline  injections  was  carried  by 
the  corium.  After  such  injections  (170  cc/kg 
body  weight)  the  water  content  of  the  skin 
rose  from  74-75  per  cent  to  82  per  cent,  a 
percentage  increase  much  greater  than  in 
any  other  organ  (17). 

If  water  is  withdrawn  by  energetic  de¬ 
hydration,  the  loss  in  water  is  borne  almost 
exclusively  by  the  skin,  no  matter  whether 


T.\BLE  5 


.Available  Water  Increased  by  34  Per  Cent  through  Intra- 
PERITONEAL  FLUID  INFUSION  IN  RABBIT,  3  KG.  (24) 


Gain 
per  Gm. 
Tissue 
(Cc.) 

Gain  of 
Normal 
Available 
W^ater 
(Per  Cent) 

Gain  by 
Whole 
Organ 
(Cc.) 

Total  Gain 
Accepted 
(Per  Cent) 

Skin . 

0.225* 

36 

92.7 

43.0 

Semi  tendinous  muscle.  .  . 

.  030 

24 

Rectus  abdominis  muscle.  . 

.050 

31 1 

47.0 

21.8 

Liver . 

.  100 

29 

15.6 

7.2 

Heart  ventricle . 

.070 

21 

Spleen . 

0. 140 

34 

Other  organs  (calc.) . 

60.7 

28.0 

Total . 

216.0 

inn  n 

vvheL‘in^‘[wticiSn"o?^^^^^^  indicate  the  over- 


T.ABLE  6 


-•>  I  ER  Cent  of  .Available  Water  Withdrawn  through  Intraperi- 
TONEAL  Injection  of  H\tertonic  Glucose  in  Saline 
IN  Rabbit,  3  Kg.  (24) 


Loss  per 
Gm.  Tissue 
(Cc.) 

Loss  of 
Normal 
Available 
Water  (Per 
Cent) 

Loss  by 
Whole  Organ 
(Cc.) 

Contribu¬ 
tion  to 
Total  Loss 
(Per  Cent) 

Skin . 

0.400 

.  035 
.050 
.100 
0.068 

64 

28'i 

31/ 

29 

20 

165.0 

65.8 

15.6 

53.0 

21  .0 

5.0 

Semitendinous  muscle 
Rectus  abdominis  muscle. 
Liver 

Heart  ventricle. 

Spleen . 

Other  organs  (calc.) ......  ^ 

65  6 

21.0 

312.0 

100.0 
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dehydration  is  produced  by  fluid  with¬ 
drawal  (82,  94,  13),  by  diuretics  (82,  86),  or 
by  loss  of  blood  (83).  Cold  environmental 
temperature  also  effects  a  considerable  loss 
of  water  from  the  skin  without  damage  (37). 

De  Boer  (13)  experimented  with  chronic 
and  acute  dehydration  on  dogs.  In  chronic 
dehydration  caused  by  starvation  and  thirst 
the  skin  showed  the  greatest  percentage  de¬ 
crease  in  water  (5  per  cent),  while  the  de¬ 
crease  in  muscle  and  blood  was  only  1  per 
cent.  During  recovery,  the  muscles  regained 
their  original  water  content  much  faster 
than  did  the  skin.  In  acute  dehydration 
produced  by  hemorrhage  or  by  injection  of 
hypertonic  sucrose,  there  was  7  per  cent  loss 
of  water  in  the  skin  and  none  from  the 
musculature;  the  blood  gained  2  per  cent 
water  at  the  same  time.  Thus  it  appears 
again  that  the  skin  “can  be  classed  as  a 
reservoir  capable  of  taking  care  of  a  large 
part  of  any  excess  fluid  added  to  the  body” 
(17)  and  also  “acts  as  an  emergency  regu¬ 
lator  of  body  water”  when  water  is  with¬ 
drawn  (13). 

In  overloading  the  organism  with  sodium 
chloride,  again,  the  skin  takes  up  relatively 
most  of  the  excess  (79,  32).  This  fact,  recog¬ 
nized  long  ago,  was  confirmed  in  modern 
experiments  by  the  use  of  isotopes.  The  data 
of  Fox  et  at.  (27)  reveal  that  if  mice  are  in¬ 
fused  with  a  solution  of  Na^'^Cl,  the  skin 
accumulates  two  to  three  times  more  radio¬ 
activity,  expressed  in  percentages  of  total 
radioactivity  injected  per  gram  of  tissue, 
than  do  skeletal  muscles.  Remarkably,  this 
ability  of  the  skin  is  retained  also  in  burned 
limbs  but  not  in  limbs  which  were  made 
ischemic  by  a  tourniejuet.  In  the  latter  case 
the  concentration  of  Na^**  in  skin  and  mus¬ 
cles  is  about  the  same  (27).  Earlier  it  was 
found  that  inflamed  skin  lost  some  of  its 
ability  to  hold  salts  (93,  94,  85). 

The  good  salt-holding  capacity  of  the 
connective  tissue  of  the  skin  can  be  con¬ 
trasted  with  the  rapid  excretion  of  intra¬ 
venously  infused  sodium  chloride  through 
sweat  glands.  Radioactive  sodium  can  be 
demonstrated  in  sweat  in  less  than  60  sec¬ 
onds  after  injection  (5). 


If  sodium  chloride  is  withdrawn,  again 
the  mobile  depot  of  the  skin  is  primarily 
utilized  to  maintain  the  salt  content  of  the 
blood  and  internal  organs  (79).  This  was 
demonstrated  in  low-salt  diets  for  chloride 
by  Urbach  (96)  and  for  sodium  by  Dorffel 
(14).  I  pointed  out  (77)  that  if  it  is  true  that 
low-salt  diets  influence  beneficially  cutane¬ 
ous  tuberculosis  but  not  tuberculosis  of 
other  organs,  this  might  be  because,  among 
all  organs,  the  skin  undergoes  the  most 
drastic  changes  in  its  chemical  composition 
when  salt  is  withdrawn. 

The  skin  is  particularly  well  adapted  to 
function  as  a  mobile  depot  for  water  and 
sodium  chloride  mainly  because  its  water 
content  and  salt  concentration  can  be 
changed  independently  of  each  other.  For 
instance,  in  experiments  of  De  Boer  (13) 
with  acutely  dehydrated  dogs,  the  chloride 
concentration  in  the  remaining  water  of  the 
skin  increased  by  60  per  cent  and  in  chroni¬ 
cally  dehydrated  dogs  by  23  per  cent.  In 
contrast,  in  muscles  chronic  dehydration 
caused  not  an  increase,  but  a  loss,  of  chloride 
of  22  per  cent.  This  gain  by  the  skin  of  23 
per  cent  and  loss  by  muscle  of  22  per  cent 
shows  that,  while  the  skin  is  able  to  hold 
salt  independently  of  its  water  content,  such 
independent  regulation  is  not  possible  in 
the  musculature. 

It  might  appear  surprising  that  abrupt 
changes  in  water  and  salt  intake  are  not  im¬ 
mediately  followed  by  adjustment  on  the 
part  of  the  kidneys.  However,  when  exten¬ 
sive  adjustment  becomes  necessary,  the 
change  in  water  balance  does  not  closely 
follow  the  change  in  extracellular  fluid 
volume  (38).  If  large  amounts  of  salt  are 
given — for  instance,  20  gm.  per  day  there 
is  a  large  gain  in  body  weight  caused  by 
water  retention,  but  the  gain  in  sodium  is 
much  greater.  In  one  experiment  of  Urbach 
(94)  the  cutaneous  gain  in  water  was  2  per 
cent,  the  cutaneous  gain  in  chloride  15  per 
cent.  In  loading  the  body  with  sodium 
chloride,  there  is  transfer  of  water  from  the 
intra-  to  the  extracellular  compartments,  in 
an  attemi)t  to  establish  osmotic  equilibrium. 
But  even  this  water  transfer  does  not  i)re- 
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vent  changes  in  total  electrolyte  concentra¬ 
tion;  there  is  an  increase  in  the  sodium  con¬ 
centration  of  the  interstitial  fluid  (75).  That 
there  is  a  lag  in  the  renal  removal  of  a  large 
load  of  sodium  j)laced  in  the  extracellular 
fluid  compartment  was  shown  by  Stewart 
and  Rourke  (87).  The  load  of  disbalance  is 
primarily  carried  by  the  skin. 

It  is  most  probable  that  water  retention 
and  dehydration  or  salt  retention  and  salt 
deprivation  are  reflected  most  prominently 
in  the  skin  not  only  under  experimental  con¬ 
ditions  but  also  as  they  occur  in  human 
pathology,  irrespective  of  the  causation. 
Little  experimentation  has  been  done  in  this 
field.  But  it  was  claimed  that  the  water  up¬ 
take  by  the  skin  proper  is  quite  prominent 
in  kidney  insufficiency  (81)  (“pre-edema”), 
in  obesity  (94),  in  acromegaly  (94),  and  in 
nutritional  deficiencies  (55).  In  experi¬ 
mental  hyperthyroidism  of  rats  Abelin  (1) 
found  abnormally  high  water  and  chloride 
values  in  the  skin.  A  decrease  in  water  con¬ 
tent  was  found  in  diabetes  insij)idus  (93) 
and  in  parathyroid  insufficiency  (44).  Noth¬ 
ing  is  known  about  the  relative  participation 
of  the  skin  in  the  retention  of  water  and  salt 
under  the  influence  of  adrenocortical  hor¬ 
mones.^ 

In  what  physical  form  the  surplus  water 
is  stored  in  the  skin  is  not  well  understood, 
although  physicists  and  chemists  of  the 
leather  industry  have  studied  in  detail  the 
different  forms  of  water-binding  by  hides.  If 
fresh  hides  are  pressed  intensely,  a  large 
amount  of  water  can  be  squeezed  out.  But  a 
fraction  of  water  is  held  so  tightly  that  it 
seems  to  be  chemically  bound  to  the  tissue. 
Accordingly,  one  si)eaks  of  “free”  and 
‘bound”  water.  These  e.xpressions  have 
been  used  rather  vaguely,  and  it  appears 
that  the  relative  amount  of  bound  water  is 
different  according  to  the  definition  or, 
rather,  to  the  method  by  which  it  is  esti- 


.  Recently  a  careful  study  was  published  by 
on  vyater  and  electrolyte  changes  in  the  skin 
adrenalectomy  in  the  rat 


mated  (21).  In  many  instances  bound  water 
in  the  corium  and  in  other  hydrojthilic  col¬ 
loids  has  been  defined  as  that  part  of  water 
which  will  not  dissolve  water-soluble  non¬ 
electrolytes.  Eilers  and  Labout  (21)  pre¬ 
sented  evidence  that  the  “nonsolvent”  or 
bound  water  consists  of  two  parts,  viz.,  (1) 
approximately  20  per  cent  of  the  total  water 
is  actually  bound  to  the  colloid  and  will  not 
dissolve  even  the  smallest  molecules  of  non¬ 
electrolytes;  and  (2)  water  is  present  in  tiny 
cavities  of  the  colloidal  substance  which  are 
too  small  to  permit  the  penetration  of  larger 
molecules  but  which  will  be  able  to  dissolve 
smaller  molecules.  If  saccharose  is  used  as 
the  nonelectrolyte  the  solubility  of  which  is 
being  measured,  this  fraction  of  bound  water 
also  amounts  to  approximately  20  per  cent 
of  the  total  water  in  fresh  hides  (21).  The 
remaining  60  per  cent  is  “free”  water,  which 
surrounds  either  single  amino  acid  chains  or 
the  whole  micelle.  The  connective  tissue  of 
the  skin  is  able  to  take  up  large  amounts  of 
“free”  water.  Whether  this  is  a  property 
more  of  collagen  fibers  or  of  ground  sub¬ 
stance  is  at  present  a  moot  question. 

The  theories  of  water-binding  by  fibrous 
proteins  are  manifold.  One  of  the  most  im¬ 
portant  theories  is  that  binding  is  caused  by 
electrostatic  forces,  generated  by  ionizable 
groups  of  the  proteins  on  the  dipoles  of 
water.  However,  the  effect  of  the  pH  on 
the  binding  of  water  is  not  so  great  as  it 
should  be  if  this  were  true  (21),  so  that 
electrostatic  forces  do  not  account  for  all 
phenomena.- 

Early  data  (44,  76)  seemed  to  indicate 
that  the  ability  of  the  corium  to  swell  in 
acids  is  increased  after  thyroidectomy.  How¬ 
ever,  just  the  reverse,  Abelin  (1)  found  that 
the  swelling  ability  of  the  corium,  both  in 
acids  and  in  alkalies,  is  tremendously  in¬ 
creased  after  administration  of  toxic  doses 
of  thyroid. 

r.  uptake  of  collagen  is  discussed  on 

n  S  ^  substance,  on 
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III.  ELECTROLYTE  CONTENT  OF  THE  SKIN 


The  weight  relationship  of  corium  to  ei)i- 
clermis  is  about  9:1  (20,  17).  The  great  mass 
of  the  skin  represents  acellular  connective 
tissue;  and  analyses  of  electrolytes  in  total 
skin  reflect  this  situation. 


A.  CHLORIDES 


The  skin  is  by  far  the  richest  organ  in 
chlorides.  In  older  publications  the  chloride 
concentration  of  human  skin  was  estimated 
to  lie  between  0.2  and  0.3  per  cent  (79). 
Taking  the  average  value  of  Urbach  (94)  of 
0.26  per  cent,  this  amounts  to  73.2  mEq  kg 
wet  tissue  or,  calculated  for  its  concentration 
in  water,  to  97.6  mEq,  1  of  water. ^  In  recent 
work,  in  which  data  are  expressed  in  terms 
of  fat-free  skin,  the  values  found  ranged  be¬ 
tween  73.5  and  85.5  mEq.,  with  an  average 
of  79.9  ±  4.8  mEq/kg  in  human  skin  (22). 
In  the  dog  even  higher  values  were  found: 
106  mEq  'kg  whole  skin  (99);  113  mEq/1  of 
tissue  water  (36);  and  86.7  +  2.5  mEq  Tg 
of  fat-free  skin  (17), 

Comparing  these  values  with  the  chloride 
content  of  muscles  and  viscera,  one  finds 
that  they  are  twice  as  high  or  higher  in  the 
skin  than  in  other  organs  (83,  50,  10).  The 
data  of  Eichelberger  et  al.  (17,  8),  obtained 
from  analysis  of  fat-free  tissue,  show  that 
the  chloride  content  of  skin  is  four  times 
that  of  skeletal  muscle.  The  difference  is 
striking  also  if  the  chloride  concentration  is 
calculated  per  unit  of  water.  The  chloride 
concentration  of  tissue  water  in  the  skin  far 
exceeds  that  in  other  organs  (75).  Chloride 
is  the  predominating  anion  of  interstitial 
fluid,  and  the  high  chloride  values  m  skin 
jirobably  can  be  explained  on  the  basis  Hiat 
the  total  skin  is  relatively  rich  in  interstitial 
fluid  and  relatively  poor  in  cells. 


3  Values  related  to  volume  of  water  imply  that 
the  space  occupied  by  proteins  is  neglected  (29). 

4  While  it  is  safe  to  state  that  the  mam  extra¬ 
cellular  anion  is  CP  and  the  main  inHacellular  an¬ 
ions  are  HC07,  organic  HPO4  ,  SOi  , 

(29),  recent  work  strongly  suggests  that  ^hlonde  is 
also  present  in  considerable  quantities  ou  side 
extracellular  fluid  space  (25),  i.e.,  m  the  cells. 


B.  SODIUM 

Like  the  chloride  concentration,  the  con¬ 
centration  of  sodium  is  unusually  high  in  the 
total  skin  as  compared  wfith  other  organs. 
Sodium  is  the  main  extracellular  cation,  and 
its  amount  in  the  skin  is  high,  probably  be¬ 
cause  of  its  great  extracellular  mass.  In 
man’s  fat-free  skin  the  sodium  concentration 
was  found  to  be  80-112  mEq.,  or  an  average  * 
of  93.0  +  8  mEq  kg  wet  weight  (22).  In  the 
dog  the  corresponding  values  were  90.9- 
106.3  mEq.,  or  an  average  of  96.5  ±  4.2  (17). 
When  fat  was  not  removed,  a  value  of  60.8 
mEq  total  tissue  weight  was  obtained  (38). 

C.  SODIUM  AND  CHLORIDE  RELATIONSHIP 
IN  TOTAL  SKIN 

There  is  an  excess  of  sodium  equivalents 
over  chloride  equivalents  in  blood  plasma, 
the  Na  /Cl  ratio  being  1.38: 1.  In  most  inter¬ 
stitial  fluids  this  ratio  is  slightly  smaller, 
namely,  1.26:1  (17).  The  reason  for  this  in¬ 
equality  is  this:  When  fluid  passes  through  a 
membrane  which  is  impermeable  to  pro¬ 
teins,  the  Donnan  effect  can  be  observed, 
this  is  a  state  of  ionic  equilibrium  set  up  be¬ 
tween  two  sides  of  a  membrane  in  a  solution 
of  electrolytes  with  one  ion  on  one  side  to 
which  the  membrane  is  impermeable.  In  the 
case  of  plasma  versus  interstitial  fluid,  the 
“membrane”  is  impermeable  to  anionic  pro¬ 
teins.  To  preserve  cation-anion  equivalence 
with  electrical  neutrality  on  both  sides, 
there  must  be  an  adjustment  of  concentra¬ 
tions  of  diffusible  ions.  Because  the  anionic 
proteins  do  not  pass  the  membrane,  there 
must  be  a  reduction  of  cations  or  'and  an  in¬ 
crease  in  anions  in  the  interstitial  fluid. 
Most  available  data  have  confirmed  the 
original  assumption  that  the  relationship  o 
concentrations  in  plasma  and  interstitial 
fluid  conforms  with  the  Donnan  equilibrium. 

From  calculations  by  Peters  (75)  on  the 
basis  of  Harrison,  Harrow,  and  Yannet  s 
(38)  data,  it  would  appear  that  there  is  an 
excess  of  sodium  over  chloride  the  skin  as 
in  all  other  tissues,  the  ratio  Na:Cl  being 
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1.34:1.  However,  Eichelberger  (17)  cal¬ 
culated  a  ratio  of  1.11:1  for  dogs’  skin, 
which  would  indicate  that,  relative  to  so¬ 
dium,  there  is  more  chloride  in  the  skin  than 
in  other  organs.  Therefore,  she  concluded 
that,  because  the  composition  of  extracellu¬ 
lar  fluid  must  be  the  same  everywhere,  since 
it  is  a  plasma  ultrafiltrate,  some  of  the 
chloride  in  the  skin  is  intracellular  (see  also 
Manery  et  al.  [64,  66]). 

D.  POTASSIUM 

The  main  cations  inside  the  cell  are  potas¬ 
sium  and  magnesium.  In  j)lasma  and  inter¬ 
stitial  fluids  the  concentration  of  potassium 
is  low,  and  the  ratio  of  potassium  to  sodium 
is  about  1:28.  Potassium,  like  sodium,  exists 
in  a  freely  diffusible  state  in  the  plasma,  and 
its  concentration  in  normal  tissue  fluid  as 
well  as  in  edema  fluid  conforms  with  the 
Donnan  equilibrium  (25). 

Since  most  of  the  skin  is  acellular  connec¬ 
tive  tissue,  one  would  expect  a  potassium  to 
sodium  relationship  in  total  skin  similar  to 
that  of  interstitial  fluids.  This,  however,  is 
not  the  case.  The  relative  amount  of  potas¬ 
sium  is  much  higher,  possibly  because  of  the 
high  potassium  content  of  the  epidermis  and 
other  cellular  elements  of  the  skin,  such  as 
follicular  epithelium,  sweat-gland  cells,  se¬ 
baceous-gland  cells,  endothelial  cells,  and 
fibroblasts.  The  data  of  Eichelberger  (22) 
reveal  a  potassium  to  sodium  relation  of 
1:5.65  in  fat-free  human  skin  and  1:4.3  in 
fat-free  shaved  dogs’  skin.  According  to 
older  data,  the  relative  amount  of  potassium 
is  even  more  than  that:  from  three  inde¬ 
pendent  {)ublications  (3,  14,  10)  a  potassium 
to  sodium  ratio  of  1:2.6  can  be  calculated 
for  total  human  skin.  There  are  probably 
two  main  reasons  for  these  discrepancies: 
older  methods  of  sodium  determination 
were  not  reliable,  and  the  early  determina¬ 
tions  were  not  done  on  fat-free  skin. 

The  range  of  potassium  values  match 
well  throughout  the  literature:  Expressed  in 
milliequivalents  per  100  gm.  dry  human 
skin,  the  average  potassium  concentrations 
were  ^ven  as  6.6  (70),  6.1  (3),  6.6  (14),  and 
(>•3  (10)  as  comjiared  with  the  more  recently 


obtained  value  of  5.83  in  fat-free  dry  skin 
(22).  In  the  estimations  of  Cornbleet  et  al. 
(10)  the  normal  values  were  found  to  be  in 
the  range  of  6.15-6.7  mP^q/ 100  gm  dry  sub¬ 
stance. 

While  the  potassium  content  of  the  skin 
is  much  higher  than  one  would  ex[)ect  on  the 
basis  of  its  great  interstitial  mass,  it  is  still 
much  lower  than  in  most  other  soft  tissues. 
In  puppies,  Hamilton  and  Schwartz  (36), 
expressing  the  fiotassium  values  in  milli¬ 
equivalents  per  liter  of  tissue  water,  found 
the  following  concentrations:  liver.  111; 
muscle,  93;  brain,  89;  kidney,  78;  skin,  29. 
In  dogs  the  potassium  concentration  of  soft 
tissues,  as  determined  and  expressed  on  a 
fat-free  basis  by  Eichelberger  et  al.,  were  {a) 
skeletal  muscle,  97.1  +  7.5  mEq.  (8);  {b) 
liver,  73.2  +  6.3  mEq.  (8);  (c)  brain,  95.6  + 
4.7  mEq.  (19);  (d)  kidney,  58.3  +  4.0  mEq. 
(16);  and  (e)  skin,  22.46  ±  2.7  mEq.  (17), 

E.  SODIUM  AND  POTASSIUM 
IN  THE  EPIDERMIS 

Estimations  of  sodium  and  potassium  in 
heat-separated  human  epidermis  was  made 
by  Suntzeff  and  Carruthers  (88)  and  by 
Zheutlin  and  Fox  (103).  There  is  fairly  good 
agreement  for  values  obtained  in  human 
epidermis,  as  shown  in  Table  7,  although 
the  ranges  are  rather  wide.  This  table  shows 
that,  in  comparison  with  total  skin,  there 
is  a  tremendous  accumulation  of  potas¬ 
sium  in  the  human  epidermis,  absolutely 
as  well  as  relative  to  sodium.  The  concentra¬ 
tion  of  potassium  is  close  to  twice  that  of 
sodium. 

Eichelberger  (20)  has  obtained  quite  dif¬ 
ferent  values  in  dogs’  heat-separated  epi¬ 
dermis,  absolutely  as  well  as  in  the  potas¬ 
sium  to  sodium  relationship.  Her  average 
values  were  31.02  mp:q.  sodium  and  12.2 
mEq.  potassium  per  100  gm.  epidermal 
solids.  The  two  sets  of  data  cannot  be  recon¬ 
ciled.  Moreover,  from  data  on  the  potassium 
content  of  whole  skin,  of  corium  alone,  and 
of  potassium  associated  with  fiber  solids 
Eichelberger  (20)  calculated  values  which 
are  approximately  the  same  as  she  obtained 
by  direct  determination.  In  spite  of  the  high 
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potassium  values  shown  in  Table  7,  the 
|)otassium  to  sodium  ratio  in  the  epidermis 
is  lower  than  in  other  cellular  organs;  in 
other  words,  the  sodium  content  is  rela¬ 
tively  high  (103).  Whether  all  the  surjdus 
sodium  is  to  be  ])laced  in  the  extracellular 
spaces  (intercellular  canals)  of  the  rete  and 
in  the  intraepidermal  portions  of  the  sweat 


same  range,  the  corresponding  sodium  val¬ 
ues  of  the  epidermis  of  the  leg  are  far  below 
those  in  the  breast  epidermis.  The  average 
values  are:  for  the  leg,  94  mEq.  sodium  and 
for  the  breast,  143.25  mEq.  There  is  a  possi¬ 
bility  that  the  sodium  content  parallels  the 
amount  of  intercellular  fluid  space  in  the 
epidermis,  i.e.,  its  succulence;  and  one  may 


T.VBLE  7 

Sodium  and  Potassium  Content  of  the  Epidermis 


Author 

Species 

Sodium 

(mEq/Kg  I'resh 
Epidermis) 

Potassium 
(mEq/Kg  Fresh 
Epidermis) 

Range 

Average 

Range 

Average 

Zheutlin  and  Fox  (105) . 

Human 

29-62 

46.14 

75.6-96.0 

80.46 

Suntzeff  and  Carruthers  (88). 

Human 

44.5-62.5 

54 

70.2-96.2 

82 

Carruthers  and  Suntzeff  (7)  .  . . 

Mouse 

64.8-79.5 

75 

86.7-89.5 

88 

ducts,  as  considered  by  Zheutlin  and  Fox 
(103),  or  whether  reservations  must  be  made 
concerning  the  exclusively  extracellular  site  of 
sodium  (29)  is  not  known  at  the  present  time. 

A  peculiar  regional  difference  can  be 
recognized  from  the  data  of  Zheutlin  and 
Fox  (103).  Whereas  the  potassium  value  in 
the  epidermis  of  breast  (12  samples)  and  leg 
(3  samples)  related  to  dry  weight  are  in  the 

IV.  MAGNESIUM 

A.  MAGNESIUM 

Magnesium  is  regarded  as  a  strictly  intra¬ 
cellular  cation.  As  far  as  the  skin  is  con¬ 
cerned,  analyses  of  the  separated  layers  do 
not  clearly  reflect  this  situation.  From 
Suntzeff  and  Carruthers’  data  one  can  cal¬ 
culate  an  average  magnesium  concentration 
of  2.48  mEq.  in  100  gm.  fresh  human  epi¬ 
dermis,  while  the  value  for  fat-free  conum 
solids  in  the  dog,  determined  by  Eichel- 
berger  (20),  has  been  2.03  ±  0.-13  mEq.,  or, 
calculated  for  wet  weight,  approximately 
0.61  mEq.  In  other  words,  if  one  assumes 
that  the  coriums  of  man  and  of  dogs  have  a 
similar  mineral  content,  it  appears  that  the 
magnesium  concentration  of  the  epidernus 
is  about  four  times  greater  than  that  ot  the 


assume  that  the  epidermis  of  the  leg  is  less 
succulent  than  the  epidermis  of  other  parts, 
in  spite  of  a  greater  water  content  of  the  co- 
rium  on  the  leg.  The  data  of  Zheutlin  and 
Fox  indicate  that  the  concentration  of  the 
sum  of  sodium  and  potassium  ions  in  human 
epidermis  (126  mEq,  kg  wet  weight)  is  close 
to  that  in  red  blood  corpuscles  (136  mEq/ kg 
wet  weight)  (103). 

AND  CALCIUM 

corium.  The  difference  should  be,  however, 
more  pronounced  if  the  magnesium  content 
were  more  or  less  jiroportionate  to  the  cell 
content  of  tissues.  Actually,  microincinera¬ 
tion  observations  indicate  an  overwhelming 
accumulation  of  magnesium  in  the  epider¬ 
mis  (23).  Harrison  et  at.  (38)  calculate  56 
mEq.  magnesium  per  liter  of  intracellular 
water  in  dogs’  skin,  and  this  relatively  high 
value  again  suggests  high  intracellular  con¬ 
centration.  Obviously,  a  great  amount  of 
further  work  is  required  to  establish  the 
range  and  averages  in  the  separated  layers 
of  the  skin  in  different  species.  The  new 
separation  of  Van  Scott  (97)  based  on  simple 
stretching  and  the  greatly  simiihhed  meth¬ 
ods  of  estimation,  particularly  flame  spectro- 
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photometry,  will  jjrobably  greatly  facilitate 
such  work. 

According  to  older  data  (3,  14),  total 
human  skin  contains  about  2.4  mEq.  mag¬ 
nesium  per  100  gm.  dry  weight,  and  it  was 
stated  that  the  range  is  about  the  same  as 
that  of  calcium. 


B.  CALCIUM 

Older  analyses  of  Brown  (3)  on  the  cal¬ 
cium  content  of  the  whole  human  skin  agree 
well  with  newer  analyses.  Values  of  other 
earlier  authors  (70,  14)  are  far  too  low.  It 
appears  from  Table  8  that  the  average 
calcium  content  of  human  and  dog  skin  is 
about  2  mEq/lOO  gm  dry  weight.  That  of 
rabbit  skin  is  higher. 

The  most  important  physiological  factor 
influencing  the  calcium  content  of  the  skin 
is  age.  With  progressing  age,  the  calcium 
content  increases  (3,  70).  The  difference  is 
so  great  that  it  could  be  clearly  demon¬ 
strated  even  by  the  rather  coarse  qualitative 
microincineration  method  (41).  There  is  a 
most  pronounced  increase  in  calcium  con¬ 
tent  in  the  mouse  epidermis  with  age;  per 
100  gm.  tissue,  18  mg.  in  the  newborn,  44 
mg.  in  the  two-to-three-month-old  adult, 
and  54  mg.  in  the  twelve-to-thirteen-month- 
old  senescent  animal  (11). 

The  calcium  content  of  heat-separated 
epidermis  and  corium  was  estimated  in  dog 
skin  by  Eichelberger  (20).  In  100  gm.  dry 
fat-free  solids  the  corium  contained  2.38 
mEq.  calcium  (determined);  the  epidermis, 
0.88  mEq.  (estimated).  In  other  words,  this 
analysis  revealed  2.7  times  more  calcium  in 
the  corium  than  in  the  epidermis.  Because 
Suntzeff  and  Carruthers’  (88)  absolute  epi¬ 
dermal  values  are  much  higher  (calculated 
for  dry  epidermis,  2.2  mEq.)  than  those  of 
Eichelberger,  this  great  difference  requires 
urther  study.  Still,  a  relatively  low  calcium 
content  of  the  epidermis  was  postulated  for 
a  long  time  on  the  basis  of  histochemical 
find.ngs  (  (X),  31,  57).  Also,  data  on  olher 

rnSv  "r  tissues 

contain  ess  calcium  than  connective  tissues 

It  IS  known  that  |>art  of  the  intracellular 


calcium  is  bound  to  protein  and  is  thought 
to  be  an  integral  jiart  of  the  cell  periphery  or 
cell  "membrane”  (39).  It  is  also  held  re¬ 
sponsible  for  the  coherence  of  cells  to  each 
other  (49).  Lansing  (49)  estimated  the  ultra- 
filterable  free  and  nonultrafilterable  protein- 
bound  fractions  of  the  calcium  in  normal 
mouse  epidermis  and  found  that  only  38.4 
per  cent  of  the  total  calcium  is  in  a  free  state. 

A  high  calcium  content  of  the  granular 
layer  was  found  by  Lansing  (p.  375). 

Early  histochemical  findings  and  chemi¬ 
cal  analyses  indicate  that  the  horny  layer 

TABLE  8 

Aver.^ge  Calcium  Content  of  Total  Skin 


Author 

Species 

Calci¬ 

um 

(mEfi/ 

1 00  G  m 
Dry 
Tissue) 

Remarks 

Brown  (3) . 

Cornbleet  et  at. 

Human 

2.30 

(10) . 

Human 

2.14 

Eichelberger  (22) 

Human 

1 .80 

m  Eq  '  1 00  gm 
fat-free  solids 

Brown  (3) . 

Dog 

2.10 

Eichelberger  (1  7) 

Dog 

2.06 

mEq  '100  gm 
fat-free  solids 

Eichelberger  (20) 

Dog 

2.22 

mEq  100  gm 
fat-free  solids 

Brown  (3) . .  . 
Klauder  and 

Rabbit 

3.70 

Brown  (42). . . 

Rabbit 

3.16 

and  hair  are  richer  in  calcium  than  is  the 
noncornified  rete  (79).  The  sebaceous 
glands,  allegedly  having  a  high  calcium  con¬ 
tent  (12,  30),  may  contribute  to  the  im- 

Jiregnation  of  the  horny  layer  with  calcium 
salts. 

Nothing  definite  is  known  .about  the 
distribution,  linkages,  and  physiological 
role  of  calcium  in  the  corium,  e.vcept  that  it 
rejiresents  a  vital  constituent  of  the  cement- 
ing  substance  of  endothelial  cells  (see  p 
64).  However,  it  is  possible  that  the  corium 
pUys  the  role  of  a  mobile  calcium  de|K)t; 
Mcptughlin  ami  'Plieis  (63)  found  a  5(1  pe 
cent  decrease  in  the  calcium  content  of  the 
skin  in  cows  subsequent  to  exhaustive  milk- 
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ing.  There  is  some  indirect  evidence  that  An  increase  in  the  calcium  content  of 
calcium  may  be  bound  to  connective-tissue  arterial  elastin  with  age  was  demonstrated 
fibers  in  a  nonionized  form  (18).  by  Lansing  et  at.  (48). 


V.  THE  POTASSIUM/CALCIUM  RATIO 


It  was  claimed  that  different  types  of 
diets  may  change  the  ratio  of  potassium  to 
calcium  in  the  skin.  The  specific  claim  was 
that  if  rabbits  are  fed  green  food  containing 
a  basic  ash,  the  ratio  is  lower  than  if  the  ani¬ 
mals  are  fed  wdth  oats  containing  an  acid 
ash.  It  was  also  claimed  that  if  the  potas¬ 
sium  to  calcium  ratio  becomes  greater  than 
normal,  the  irritability  of  the  skin  in  re¬ 
sponse  to  inflammatory  stimuli  increases 
(79).  This  contention  could  not  be  well  sub¬ 
stantiated  (79),  as  can  be  best  seen  from  the 
extensive  work  of  Klauder  and  Brown  (42, 
43).  Although  in  the  majority  of  cases  these 
authors  actually  found  that  the  skin  is  less 
irritable,  the  higher  its  calcium  and  the 


lower  its  potassium  content,  this  was  not  the 
general  rule.  Eichelberger  (20)  j)ointed  out 
that  the  potassium  to  calcium  ratios  in  epi¬ 
dermis  and  corium  are  so  different  (12.0  and 
3.4,  respectively)  that  if  the  whole  skin  ratio 
is  estimated,  which  is  normally  3.8,  ratio 
changes  in  the  epidermis  may  be  completely 
masked  because  of  the  greater  mass  of  the 
corium.  If  the  relation  of  irritability  to 
mineral  content  should  be  investigated  in 
the  future,  separate  estimations  in  the  sepa¬ 
rated  layers  will  be  necessary.  Even  then, 
difficulties  of  interpretation  may  arise  be¬ 
cause  of  the  presence  of  sweat  constituents  in 
the  epidermis  and  also  because  of  the  chang¬ 
ing  relationship  of  ionic  to  bound  calcium. 


VI.  TOTAL  BASE  CONTENT  OF  THE  SKIN 


In  three  early  publications  (3,  14,  10) 
there  is  good  agreement  of  data  on  concen¬ 
trations  of  sodium,  potassium,  calcium,  and 
magnesium  in  normal  human  skin.  Newer 
data  w'ere  obtained  after  fat  extraction  and, 
therefore,  cannot  be  directly  compared  with 


termination  of  sodium  were  not  quite  re¬ 
liable.  I  have  calculated  the  available 
data  in  simple  weight  percentages  and  in 
equivalent  weight  percentages.  The  data 
thus  obtained  are  shown  in  Tables  9,  10, 
11,  and  12. 


'FABLE  9 

Concentration  of  Bases  Expressed  in  Mg  too  Gm  Dry  Human  Skin 


Author 

Brown  (5) . 

Dorffel  (14) .  . 
Cornbleet  (10) 


Eichelberger  (22) . 


Na 

K 

Ca 

Mr 

Total 

360 

239 

46 

30 

675 

361 

260 

27 

29 

677 

350 

247 

43 

683 

757 

228 

38 

18 

1,041 

_ 

Remarks 


the  old  data.  Still  there  remains  a  great 
discrepancy  in  sodium  values,  even  if  30  per 
cent  of  the  dry  skin  is  taken  as  free  fat. 
Thereby  the  total  base  content,  as  well  as 
the  percentage  distribution  of  the  cations, 
becomes  uncertain  and  requires  re-examina- 
tion  Possibly  the  older  methods  for  de 


Mg  was  not  determined;  total  base  is 
calculated  on  the  assumption  that 
concentration  of  Mg  equals  that 
of  Ca 

In  dry  fat-free  skin 


As  conijiared  with  total  skin,  the  total 
base  content  of  the  epidermis  is  much  higher 
than,  and  the  distribution  of  the  single  cat¬ 
ions  in  the  epidermis  is  very  different  from, 
that  in  whole  skin.  Calculation  from  Sunt- 
zeff  and  Carruthers’  data  reveals  that  the 
total  base  content  of  the  dry  epidermis  is 
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dermis  as  it  is  in  the  corium  (l,4dl  mg. 


1,451  mg  100  gm  dry  tissue  or  147.1  mMol/ 
100  gm  dry  tissue  (88).  Tal)le  13  shows  the 
percentage  distribution  of  the  single  cations 
in  human  ei)idermis. 

In  summary,  the  total  base  content  is  one 
and  a  half  to  two  times  as  high  in  the  ejji- 


versus  1,041  mg.).  While  in  the  corium  the 
predominant  cation  is  sodium  and  the 
amount  of  potassium  is  relatively  small,  the 
sodium  to  potassium  relationship  is  just 
about  the  reverse  in  the  epidermis. 


T.\HLE  10 

COXCEXTRATIOX  OF  BASES  EXPRESSED  IX  MEQ  '  100  GM  DRV  HUMAX  SKIN 


.Author 

Na 

K 

Ca 

Mg 

Total 

Remarks 

Brown  (3) . 

15.6 

6.1 

2.3 

2.46 

26.46 

Dorffel  (14) . 

15.7 

6.6 

1,36 

2.38 

26.04 

Cornbleet  ( 10) .  . 

15.2 

6.3 

2.14 

26.78 

See  remark  in  Table  9 

EichelberRer  (22) .  . 

32.9 

5.83 

1 . 90 

1.50 

42.88 

See  remark  in  Table  9 

T.VBLE  11* 

Percentage  Distribution  of  Bases  when  Concentration  Is 
Expressed  in  Mg/100  Gm  Dry  Weight 


Author 

Na 

K 

Ca 

Mg 

Remarks 

Brown  (3) . 

53 . 3 

35.4 

6.81 

4.4 

Dorffel  (14) . 

53,3 

38.4 

4.0 

4.3 

Cornbleet  (10) . 

51.3 

36  2 

6  7 

Eichelbcrger  (22) . 

62.7 

21.9 

3.7 

1.7 

occ  rtniarK  in  i  aoic  v 
See  remark  in  Table  9 

*  The  figures  indicate  percentage  of  total  base. 


T.VBLE  12* 

Percentage  Distribution  of  Bases  when  Concentration  Is 
Expressed  in  mEq/ioo  Gm  Dry  Weight 


Author 

Na 

K 

Brown  (3) ,  . 

59 

60 

■)  2 

Dorffel  (14)  . . 

Cornbleet  (10) . 

25 

1  i 

Eichelberger  (22) 

77 

z4 

1  1 

• —  —  - - - - - - 

1 4 

*  The  figures  indicate  percentage  of  total  base. 


Ca 

Mg 

Remarks 

9 

9 

6 

9 

8 

8 

See  remark  in  Table  9 

4 

3 

See  remark  in  Table  9 

T.VBLE  13 

I’ERCENTAGE  DISTRIBUTION  OF  CATIONS 


IN  'PoT.AL  Base 


Na 

K 

Ca 

Mg 

Expressetl  in  weight  per  cent  per  total  base  ^ 

I.X|.ressc<l  m  molarity  cent  per  total  bL"  !  ' 

25.6 

36.7 

67.5 

55 . 8 

3.1 

2.5 

3.8 

5.0 

506 


Physiology  ami  Biochemistry  of  the  Skin 
VII.  MICROINCINERATION 


Although  the  microincineration  metliod 
has  yielded  many  details  on  the  topographic 
distribution  of  inorganic  material  in  the  skin 
on  a  microscopic  scale  (vSO,  41,  46,  23),  the 
over-all  results  have  been  rather  meager, 
mainly  because  only  calcium  and  perha])s 


The  spodograms  indicate  a  greater  ac¬ 
cumulation  of  ash  in  the  epidermis  than  in 
the  corium.  The  residue  of  elastic  and  col¬ 
lagenous  fibers  shows  little  structural  detail 
(30,  46),  but  calcium  can  be  localized  along 
elastic  fibers,  basement  membranes,  and 


duced  by  iicrmission  of  Spnngcr-\'erl;ig.) 


magnesium  ashes  can  be  identified  with  fair 
certainty.  The  structural  details  of  cross- 
sections  of  the  skin  arc  well  iircservcd  after 
ashing.  Cell  walls  and  nuclei  are  recognized 
by  accumulations  of  ash,  and  appen(lagcs 
are  well  outlined  because  of  the  relatively 
high  ash  content  of  basement  membranes 

(Fig-  1)- 


glass  membranes  of  hairs  (30,  46).  Interest¬ 
ingly,  some  of  the  minerals  disaiipear  when 
sections  are  treated  with  fat  solvents  prior 

to  ashing  (46)  (Fig.  2).  ... 

The  ash  content  of  the  epidermis  in  in- 
llamed  skin  was  found  to  be  greater  than 
normal,  particularly  the  calcium  ash.^  buch 
findings  were  reported  in  psoriasis,  ecze- 


Fig  2.— I  hotomicrographs  of  microincinerated  sections  of  skin.  The  sections  slum  n  in  the  upper  row 
were  taken  from  the  skin  of  the  shoulder  of  a  patient  with  exfoliative  dermatitis  (fi.xation  with  absolute  al- 
ohol  and  forma  dehyde).  In  1  is  shown  an  unextracted  section;  in  ^  a  section  extracted  with  cold  ether-  and 
m  J  a  section  extracted  with  hot  acetone.  'I  he  sections  shown  in  the  lower  row  were  taken  from  the  skin  of  a 
monkey  and  cut  parallel  to  the  surface,  showing  hair  follicles.  In  4  is  shown  an  unextracted  section-  in  ?  a 

146^!’^  ""  '"‘i  1'!^^  chloroform;  and  in  6  a  section  extracted  with  1  per  cent  acetic  acid.  From  Ko’ovman 

(46).  (Reproduced  by  iiermission  of  the  author  and  the  American  Medical  Association  ) 


Stratum  pm-eleidinicuni-karrovv\^hitw!^^^^^^^  '  'ayers  of  the  stratum  corneum  are  well  separated 
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ma,”  ultraviolet  dermatitis  (30),  contact  A  peculiar  periodicity  of  ash  deposits  in 
dermatitis,  lichen  planus,  exfoliative  derma-  keratinizing  ei)ithelium  was  noted  by  Cans 
titis,  and  pemphigus  (41).  (30)  (Fig.  3). 


VIII.  WATER  AND  MINERALS  IN  TRAUMATIZED  AND  DISEASED  SKIN 


In  traumatized  tissue  there  is  an  increase 
in  water  content,  a  huge  increase  in  sodium, 
and  considerable  decrease  in  potassium  con¬ 
centration  (26).  These  changes  are  caused 
by  (1)  accumulation  of  extracellular  fluid  in 
the  traumatized  tissue,  (2)  loss  of  potassium 
from  the  injured  cells,  and  (3)  exchange  of 
sodium  from  the  extracellular  compartment 
for  the  intracellular  potassium  extruded 
(26).  In  damaged  tissue  the  antisodium  bar¬ 
rier  of  cells  is  abolished  (27).  Together  with 
the  increase  in  sodium  content,  there  is  an 
increase  in  concentration  of  chloride  (26). 
In  shock  caused  by  tissue  damage,  hypo- 
tonicity  and  excess  potassium  in  the  extra¬ 
cellular  fluid  permit  water  and  excess  potas¬ 
sium  to  enter  even  uninjured  cells  (26). 

This  state  of  water-electrolyte  disbalance 
in  shock  can  develop  by  purely  cutaneous 
traumatization,  e.g.,  in  burns.  However,  the 
electrolyte  changes  seem  to  be  less  pro¬ 
nounced  in  the  traumatized  skin  tissue  itself 
than  in  traumatized  muscle  (26).  Loss  of 
potassium  from  the  skin  might  be  less 
marked  in  traumatized  skin  tissue  because 
its  original  potassium  content  is  low.  Ihe 
less  pronounced  increase  in  sodium  content 
might  reflect  the  ability  of  the  skin  to  mo¬ 
bilize  or  retain  water  and  salt  more  inde¬ 
pendently  than  can  other  organs.  In  spite  of 
the  smaller  gain  in  sodium  in  traumatized 
skin,  this  gain  always  exceeds  what  would 
corrkpond  to  the  accumulation  of  extracel¬ 
lular  fluid. 


A.  WATER,  SODIUM,  AND  CHLORIDE 
In  acute  inflammatory  processes  the  water 
content  of  the  skin  is  always  greatly  in¬ 
creased,  and  the  chloride  content  is  even 
m„re  elevated  (94.  71).  This  .s  obv.ous  y 
caused  by  accumulation  of  extracellular 
fluid  or,  in  other  words,  by  edema  formatio 
following  vascular  damage.  I'he  increase  m 
water  content  strictly  parallels  the  seven  y 


of  inflammation  in  the  skin;  there  is  a  linear 
relationship  between  the  percentage  in¬ 
crease  of  water  content  and  the  logarithm  of 
the  concentration  of  the  irritant  (101). 

Epidermis  and  corium  participate  in  the 
uptake  of  abnormally  large  amounts  of 
water,  probably  according  to  the  intensity  of 
damage  to  these  layers.  In  eczematous  reac¬ 
tions  water  uptake  by  both  layers  is  obvious 
from  microscopic  observation.  In  erysipelas 
(94),  where  there  is  little  epidermal  change, 
probably  only  the  water  content  of  the  co¬ 
rium  changes.  The  most  remarkable  findings 
in  this  field  have  been  data  on  an  abnormally 
high  water  content  in  normal  (uninvolved) 
skin  of  patients  with  “eczema”  (atopic  der¬ 
matitis?)  (94),  possibly  in  analogy  to  the 
condition  of  traumatic  shock.  Some  data 
indicate  that  when  the  acute  inflammation 
subsides,  the  water  content  becomes  abnor¬ 
mally  low  (71,  72). 

High  water  and  chloride  values  were  ob¬ 
tained  in  lesions  of  seborrheic  dermatitis, 
lichen  planus,  pityriasis  rosea  (71)  and 
psoriasis  (94,  /I)  in  the  acute  and  subacute 
phases,  and  exfoliative  dermatitis  (94). 

An  increase  of  water  content  and  a  shift 
of  electrolytes  in  inflamed  skin  are  very 
much  less  pronounced  in  starvation  and  in 
water  and/or  salt  withdrawal  (85).  This 
[ihenomenon  was  thought  to  explain  the 
beneficial  effects  of  hunger,  thirst,  and  low- 
salt  diets  in  different  skin  diseases. 

In  the  twenties  the  generally  accepted 
view  was  that  in  pemphigus  there  is  con¬ 
siderable  retention  of  water  and  chlorides  in 
the  skin  (79).  It  was  shown,  however,  rela¬ 
tively  early,  that  this  is  not  a  constant  phe- 
uumenon  an<l,  therefore,  that  water  and  salt 
retention  cannot  be  a  pathogenetic  factor  in 
pem,,higus  (68).  The  dramatic  therapetitic 
results  with  ACTH  and  cortisone,  both  ol 
which  promote  salt  retention,  make  it  even 
more  clear  that  the  old  view  that  salt  reten- 
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tion  is  a  pathogenetic  factor  in  this  disease 
was  erroneous.  Still  the  findings  of  Urbach 
(94,  93)  on  the  great  avidity  of  the  skin  in 
pemphigus  in  retaining  excess  dietary  so¬ 
dium  chloride  are  remarkable  and  worthy  of 
rechecking.  Urbach  (93)  interpreted  the  salt 
retention  not  as  a  primary  manifestation  of 
the  disease  but  as  a  defense  mechanism.  If 
this  is  true,  one  may  assume  that  in  this 
disease  ACTH  and  cortisone  may  act — 
partially  at  least  by  promoting  salt  reten¬ 
tion. 

In  more  modern,  extensive,  and  careful 
studies  on  pem{)higus.  Lever  el  al.  (92,  55, 
56,  51,  52,  54,  53)  found  a  profound  dis¬ 
turbance  in  water  and  salt  metabolism, 
comparable  in  many  respects  to  that  in 
adrenal  insufficiency  (92).  The  plasma, 
blood,  and  interstitial  fluid  volumes  were 
greatly  increased  in  all  patients  with  gen¬ 
eralized  skin  lesions.  In  the  blood  serum  the 
sodium  concentration  was  particularly  low, 
but  also  the  chloride  and  calcium  values 
were  subnormal  (92,  56).  Lever  also  studied 
the  electrolyte  composition  of  blister  fluid 
(55)  and  the  proteins  of  blood  plasma  and 
blister  fluid  (50,  51,  53,  52)  in  this  disease. 

In  acetic  acid-separated  epidermis  of 
pemphigus  patients  Szodoray  et  al.  (91) 
found  abnormally  low  calcium  values.  This 
was  thought  to  be  the  cause  of  the  dimin¬ 


ished  adherence  of  rete  cells  in  pemifliigus. 

Among  chronic  inflammatory  diseases, 
lupus  vulgaris  was  most  extensively  studied 
for  the  water  and  mineral  changes  in  its 
lesions,  mainly  because  of  the  observed  ben¬ 
eficial  effect  of  salt-poor  diets.  There  is 
agreement  that  in  lupus  vulgaris  lesions  the 
^\ater,  chloride,  and  sodium  content  are  ab¬ 
normally  high  (14,  68).  The  calcium  content 
IS  moderately  increased  (14).  Chloride  may 

gm/lOO  gm  dry  tissue 
(68).  Again,  the  salt  content  is  relatively 
more  elevated  than  the  water  content  a 
situation  which  in  the  old  literature  was 
called  “dry  relention.”  Salt-poor  diets  ac- 
ually  remedy  these  chemical  anomalies 
(U,  %)  One  might  think  that  the  beneficial 
effect  of  vitamin  1),  administration,  too  is 
based  on  changes  in  mineral  com|»sition  in 


the  skin  lesions.  However,  Van  Scott’s  ex¬ 
tensive  experiments  (98)  in  Dr.  Eichel- 
berger’s  laboratory  and  in  mine  did  not  show' 
any  changes  in  the  mineral  composition  of 
the  normal  skin  of  normal  dogs  after  huge 
doses  of  vitamin  D2  had  been  given  over  a 
long  period  of  time. 

Abnormally  high  water  and  chloride  val¬ 
ues  w'ere  also  found  in  chronic  lichenified 
lesions. 

Otherwise,  in  lesions  of  chronic  non¬ 
exudative  erythemato-squamous  eruptions 
the  changes  in  water  and  mineral  content 
are  very  much  less  conspicuous  than  in  acute 
inflammation.  In  psoriasis  lesions  the  W'ater 
content  is  only  moderately  increased,  and 
the  chloride  content  is  usually  unchanged 
(68)  when  the  process  is  chronic. 

As  in  senile  atrophic  skin  (p.  496),  a  high 
water  content  w'as  also  found  in  other 
atrophic  states,  such  as  acrodermatitis 
chronica  atrophicans  (94).  In  atrophic  le¬ 
sions  of  scleroderma  the  increase  in  chloride 
content  was  more  conspicuous  than  the  in¬ 
crease  in  W'ater  content  (94). 


In  connection  with  the  alleged  signifi¬ 
cance  of  the  potassium  to  calcium  ratio  for 
the  irritability  of  the  skin  (p.  504),  several 
authors  tried  to  prove  that  the  concentra¬ 
tion  of  potassium  is  increased  and  the  con¬ 
centration  of  calcium  decreased  in  acute 
inflammatory  processes.  This  claim  never 
w'as  well  substantiated.  In  intense  acute  in¬ 
flammatory  processes  the  potassium  content 
seems  to  decrease  rather  than  to  increase 
(72),  and  this  finding  corresponds  more 
satisfactorily  with  the  modern  views  on 
events  in  acute  tissue  damage.  A  decrease  in 
calcium  content  was  reported  in  almost  all 
inflammatory  diseases  (42,  71,  72,  74,  14) 
but  the  data  are  far  from  being  consistent’ 
In  chronic  lesions  of  psoriasis,  if  all  layers 
ot  the  lesion  w’ere  analyzed  in  toto,  the  po¬ 
tassium  content  was  found  to  be  greatly  in¬ 
creased— from  an  average  of  259.5  mg  to  an 

1+).  This  change  might  be  caused  simply  by 
the  acanthosis:  the  cellular  content  of 
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psoriasis  lesions  is  much  greater  than  nor¬ 
mal,  and  epithelial  cells  are  rich  in  potas¬ 
sium. 

There  is  good  reason  to  believe  that  in 
diverse  degenerative  processes  of  connective 
tissue,  as  in  senile  degeneration  (47),  there 
is  an  accumulation  of  calcium.  The  most 
e.xtreme  example  is  that  of  pseudoxanthoma 
elasticum  (58).  Both  by  observation  of  spo- 
dograms  and  by  quantitative  chemical  anal¬ 
ysis,  Lobitz  and  Osterberg  (58)  demon¬ 
strated  a  huge  amount  of  calcium  in  these 
tissues.  As  compared  with  normal  skin,  the 
amount  of  calcium  is  increased  up  to  5.6 
fold.  While  in  the  normal  skin  calcium  con¬ 
tributes  4.6  per  cent  to  the  total  ash,  this 
percentage  in  pseudoxanthoma  elasticum 
lesions  is  33  per  cent. 

In  the  uninvolved  skin  of  a  scleroderma 
patient  I  found  calcium  values  entirely  with¬ 
in  the  normal  range  (78).  Whereas  previous¬ 
ly  it  was  thought  that  patients  with  sclero¬ 
derma  retain  injected  calcium  for  abnormal¬ 
ly  long  periods  (80),  my  more  recent  experi¬ 
ments  have  not  borne  out  this  view.  In  dif¬ 
fuse  generalized  scleroderma  the  calcium 
balance  is  normal,  and  excess  calcium  ad¬ 


ministered  by  mouth  or  by  injection  is 
excreted  in  a  normal  fashion  (78).  Thus  the 
reason  why  scleroderma  is  so  often  associ¬ 
ated  with  calcinosis  remains  obscure.  It 
requires  further  studies  to  find  out  which 
kinds  of  connective-tissue  degeneration  do 
lead  to  calcium  depositions  in  the  skin  and 
which  ones  do  not. 

C.  MAGNESIUM 

In  a  series  of  {)ublications  Engman  and 
IVIacCardle  (23,  60,  61,  62),  on  the  basis  of 
microincineration  findings  and  spark-spec- 
trographic  analyses,  reported  on  a  con¬ 
spicuous  magnesium  deficiency  in  cutaneous 
lesions  of  neurodermatitis  and  also  on  sub¬ 
normal  magnesium  values  in  the  normal  un¬ 
involved  skin  in  this  disease.  No  absolute 
values  were  given,  but  the  comparative 
figures  were  as  follows:  normal  skin  of 
healthy  individuals,  0.059-0.300;  unin¬ 
volved  skin  of  neurodermatitis  patients, 
0.025-0.108;  and  neurodermatitis  lesions, 
0.010-0.092.  It  was  tentatively  assumed 
that  neurodermatitis  is  a  magnesium-de¬ 
ficiency  disease;  but  this  interesting  angle 
was  not  followed  up  any  further. 
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I.  SKIN  COLOR 


A.  METHODS  OF  MEASUREMENT 

IN  ORDER  to  gain  knowledge  about  the  fac¬ 
tors  involved  in  skin  color,  numerous  at¬ 
tempts  have  been  made  to  devise  objective 
methods  of  measuring  and  recording  skin 
color.  These  attempts  were  extensively  con¬ 
sidered  by  Jeghers  in  1944  in  his  review  of 
pigmentation  of  the  skin  (132).  Early  meth¬ 
ods,  now  obsolete,  relied  on  visual  com¬ 
parisons  and  included  the  use  of  color  scales, 
such  as  the  universal  skin  tintometer  of 
Rowntree  and  Brown  (252)  and  the  spinning 
color  wheels  and  tops  widely  used  in  early 
anthropological  studies  on  racial  skin  colors 
(285). 

In  1929  the  subject  of  skin-color  analysis 
was  placed  on  a  more  firm  basis  when 
Sheard  and  Brunsting  (262,  33)  reported  the 
application  of  spectrophotometric  methods 
to  the  analysis  of  skin  color.  These  methods 
not  only  allowed  determination  of  relative 
luminosity,  hue,  and  saturation  of  the  color 
factors  involved  but  further  enabled  actual 
identification  of  specific  jiigments  by  means 
of  specific  absorption  changes  in  spectro¬ 
photometric  reflection  curves.  Taussig  and 
Williams  (282)  used  a  simiilified  type  of  re¬ 
flectance  spectrophotometry  involving  meas¬ 
urement  of  light  reflected  from  the  skin  sur 
face  through  three  successive  colored-glass 

filters. 

Edwards  and  Duntley  (62,  63),  using 
an  elaborate  apparatus-  the  Hardy  record¬ 
ing  spectrojihotometer — were  able  to  study 
in  quantitative  fashion  the  distribution  of 
pigments  in  normal  skin.  They  state,  briefly, 
that  their  apparatus  "records  the  reflectance 


of  the  intact  living  skin,  giving  an  analysis 
by  wave  lengths  over  the  entire  visible  spec¬ 
trum,  from  the  violet  end  at  400  millimi¬ 
crons  to  the  red  end  at  700  millimicrons.  In 
the  curve  thus  obtained,  each  pigment  is 
identified  by  its  characteristic  absorption 
band.  The  amount  of  the  pigment  is  indi¬ 
cated  by  the  degree  of  absorption  of  the 
wave  length  of  the  band.  Lowering  of  the 
reflectance  at  the  particular  wave  length  is 
therefore  proportional  to  the  amount  of  the 
pigment  ])resent.” 

B.  DETERMINING  FACTORS 
1.  Primary  Pigments 

On  the  basis  of  their  studies  Edwards  and 
Duntley  (62)  state  that  the  color  of  normal 
human  skin  takes  its  origin  from  five  pri¬ 
mary  pigments  (Fig.  1).  These  are  melanin, 
having  a  general  marked  absorption  at  the 
violet  end  of  the  visible  spectrum,  with  no 
clear-cut  absorption  bands;  oxyhemoglobin, 
with  sharp  absorption  bands  at  542  and  576 
m^;  reduced  hemoglobin,  with  a  single 
broad  absorption  band  at  556  m/i;  car¬ 
otene,  with  a  distinct  absorption  band  at 
482  rn/x;  and  melanoid,  a  pigment  having 
some  general  absorption  at  the  violet  end 
of  the  spectrum  like  melanin  but,  in  addi¬ 
tion,  having  a  distinct  absorption  band  at 
400  'mfx.  The  physical  distribution  patterns 
of  these  pigments  and  the  thickness  and 
optical  properties  of  the  overlying  colorless 
tissue  layers  are  additional  factors  that 
modify  the  final  color  effects  produced  by 
these  pigments. 
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Most  recently  (joldzieher  el  al.  (^^5)  have 
devised  a  more  practical  simplified  api)ara- 
tus  for  skin  reflectance  spectrophotometry 
and  have  confirmed  Edwards  and  Duntley’s 
findings.  Furthermore,  they  extended  ^  re¬ 
flectance  studies  into  the  ultraviolet  region, 
where  an  absorj)tion  band  at  290  m^^  was 
identified  as  being  due  to  soft  keratin.  Hard 


fying  skin  color.  This  phenomenon  can  be 
defined  as  the  rearrangement  of  light  as  it 
traverses  a  turbid  medium  so  that  the 
transmitted  light  contains  a  larger  pro|)or- 
tion  of  long  wave  lengths  (red),  whereas  the 
light  scattered  to  the  sides  and  back  to  the 
source  contains  a  correspondingly  larger 
proportion  of  the  shorter  wave  lengths 


REFLECTANCE  OF  NORMAL  SKIN 

AND  ITS  COMPONENT  PIGMENTS 


(MItLIMtCAOMt) 

normal  skin  and  its  comijonent  pigments.  From  Hall,  McCracken,  and  Thorn 
(111).  (Re])roduced  by  i)ermission  of  Dr.  Thorn  and  the  Journal  of  Clinical  Endocrinology.) 


keratins  and  elastin  do  not  show  this  par¬ 
ticular  band,  which,  according  to  the  au¬ 
thors,  is  {trobably  caused  by  sulfhydryl- 
containing  amino  acids.  These  workers  also 
noted  that  melanin  absorbs  generally,  with¬ 
out  specific  bands,  from  470  m/x  down 
through  the  ultraviolet  range. 

2.  Light-scattering  Phenomenon 

Edwards  and  Duntley  (62)  emphasized 
the  importance  of  the  phenomenon  of  light 
scattering  (Tyndall  effect)  as  a  factor  modi- 


(blue).  This  simply  means  that  blue  light  is 
more  readily  scattered  by  tiny  particles  than 
red  light  is.  The  blue  color  of  the  sky  de¬ 
pends  on  this  scattering  phenomenon  by 
tiny  atmospheric  particles.  In  the  skin  the 
relatively  transparent  stratum  corneum 
scatters  light  only  slightly,  whereas  the  rete 
and  deeper  layers  show  the  effect  to  a 
marked  degree.  Thus  the  farther  below  the 
skin  surface  any  dark  i)igment  is  situated, 
the  bluer  it  appears  because  of  this  scatter¬ 
ing  effect  of  light  in  the  overlying  turbid 
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tissue  layers.  The  bluish  color  of  blue  nevi, 
Mongolian  spots,  the  black  ink  of  tattoos, 
and  purpuric  lesions,  for  example,  are 
caused  by  this  phenomenon. 

3.  Anatomical  Variations 

Anatomical  variations  also  obviously 
modify  skin  color  in  other  ways.  Thus,  in 
general,  thin  epidermis  is  more  transparent 
and  allows  the  color  of  blood  pigments  in  the 
dermal  papillae  to  shine  through  more  read¬ 
ily  than  does  thick  epidermis.  Thicker  epi¬ 
dermis  is  less  transparent  and  looks  yel¬ 
lower.  The  degree  of  development  of  the 
granular  layer  no  doubt  greatly  contributes 
to  the  opacity  of  the  epidermis. 

Edema  of  the  skin  also  influences  its 
color,  viz.,  the  general  pallor  associated 
with  the  edematous  skin  of  the  nephrotic 
syndrome.  The  whiteness  of  macerated  skin 
can  serve  as  another  example. 

C.  RACI.AL  DIFFERENCES 

Clearly  evident  racial  and  other  differ¬ 
ences  in  skin  color  are  claimed  to  depend 


only  on  quantitative  differences  in  the  vari¬ 
ous  factors  involved  and  chiefly  upon  varia¬ 
tions  in  the  amounts  of  melanin  and  mela- 
noid  that  are  present  (62).  No  qualitative 
jiigmentary  differences  have  yet  been  dem¬ 
onstrated  in  human  skin,  no  matter  what 
the  racial  type,  although  really  exhaustive 
studies  on  this  point  are  not  available.  Such 
qualitative  cutaneous  pigment  differences 
do  occur  in  mammals  other  than  man.  Fetal 
mouse  skin  from  tan-colored  stocks,  for 
example,  contains  a  pigment  believed  to  de¬ 
rive  from  tryptoj)hane,  because  skin  extracts 
from  such  mice  will  oxidize  tryptophane  to  a 
tan  pigment,  whereas  similar  extracts  from 
other  mouse  stocks  fail  to  do  so  (79).  Also  in 
guinea  pigs  there  are  definite  spectral  ab¬ 
sorption  differences  between  the  black  or 
tyrosine-derived  skin  pigments  of  certain 
stocks  and  the  intense  yellow-red  pigment 
obtained  from  other  stocks.  These  two 
types  of  guinea-pig  pigmentation  have, 
furthermore,  been  shown  to  be  under  the 
control  of  entirely  indei)endent  gene  sys¬ 
tems  (9vS). 


II.  SKIN  PIGMENTS  OTHER  THAN  MELANIN 


A.  TRICHOSIDERIN 


Besides  the  five  basic  cutaneous  pig¬ 
ments,  an  additional  unique  iron-containing 
brown  pigment — trichosiderin — has  been 
found  in  normal  human  red  hair  (77, 
248).  Red  hair  of  other  mammals  does  not 
contain  this  pigment  in  easily  demonstrable 
amounts.  Nickerson  (209),  however,  re- 
j)orted  on  the  occurrence  of  a  similar  pig¬ 
ment  in  red  and  buff  feathers  of  several 
breeds  of  domestic  fowl.^  Whether  tricho¬ 
siderin  also  occurs  in  the  characteristic 
freckles  of  “redheaded”  individuals  still  re¬ 
mains  to  be  determined.  Also  the  role,  if 
any,  that  this  iron  pigment  plays  in  giving 
red  hair  its  characteristic  color  is  unknown. 


1.  These  observations  on  trichosiderin  in  red  hair 
and  feathers  have  more  recently  been  confirmed  in 
every  major  point  by  use  of  a  chromatographic 
method  of  purification  of  the  pigments  see  J.  K 
Smyth,  J.  VV.  Porter,  and  P.  B.  Bohren,  A  stuc  y  o 
pigments  from  red,  brown  and  buff  feathers  and  hair, 
Physiol.  Zool.,  24:205-16,  1951). 


It  is,  of  course,  not  the  true  red  pigment  of 
red  hair,  because  even  after  extraction  of 
the  iron  pigment  the  red  color  of  the  hair  is 
preserved.  The  true  red  color  of  human  red 
hair  is  probably  closely  related  to  melanin. 
Some  authors  have  felt  that  hair  color, 
whether  brown,  red,  blond,  or  black,  is  de¬ 
pendent  only  on  the  number,  size,  and  dis¬ 
tribution  of  brown  melanin  granules  in  the 
hair  (146,  35),  whereas  others  have  con¬ 
sidered  the  various  color  shades,  esi)ecially 
red,  to  be  based  ui)on  different  oxidation 
states  of  melanin  (130,  254).  Red  precursors 
and  red  oxidation  products  of  melanin  have, 
of  course,  been  demonstrated  in  \itro  and  in 
melanotic  urines. 

Recent  work  by  Hanna  (116)  suggests 
that  trichosiderin  may  not  be  a  natural  pig¬ 
ment  at  all  but  only  an  iron  complex  of  a 
])igment  produced  artificially  by  the  interac¬ 
tion  of  keratin  and  tryptojihane  in  6  N 
hydrochloric  acid.  Even  should  this  sugges- 


Pigmentation 


519 


tion  be  true,  the  high  iron  content  of  red 
hair  still  remains  a  unique  feature  (61). 

B.  MELANOID 

The  status  of  melanoid  is  rather  uncer¬ 
tain.  At  first,  Edwards  and  Duntley  de¬ 
duced  it  to  be  a  degradation  product  of 
melanin,  because  it  was  found  normally  only 
in  heavily  cornified  areas,  such  as  plantar 
and  palmar  skin,  and  elsewhere  only  after  a 
great  deal  of  melanin  had  been  formed,  as  in 
areas  several  months  after  irradiation  by 
sunlight.  Later,  however,  together  with 
Hamilton  and  Hubert  (65),  they  noted  that 
testosterone  injections  in  castrate  or  eu¬ 
nuchoid  men  caused  striking  increases  in 
melanoid,  with  only  slight  increases  in  mela¬ 
nin.  Melanoid  production  in  large  quantities 
was  also  stimulated  consistently  in  eunuchs’ 
skin  by  ultraviolet  irradiation,  although 
melanin  production  was  not. 

Whether  melanoid  is  the  same  as  the 
Ilornfarbe  of  early  authors  (135),  a  well- 
known  dark  oxidation  product  develoj)ing  in 
keratin,  is  not  clear,  but  this  seems  a  very 
likely  possibility.  The  darkness  of  the  scales 
in  ichthyosis  is  a  classic  example  of  such 
Ilornfarbe,  as  are  the  dark  tips  of  comedones. 

C.  CAROTENE 

Carotene  adds  the  strong  yellow  com¬ 
ponent  to  normal  skin  color.  It  is,  of  course, 
the  pigment  that  is  closely  related  to  vita¬ 
min  A  and  is  responsible  for  the  yellow  color 
of  butter  and  carrots.  Women  in  general 
show  much  more  carotene  throughout  the 
skin  than  do  men,  and,  in  addition,  women 
have  considerable  amounts  of  this  i)igment 
in  the  breasts,  abdomen,  and  buttocks, 
which  are  areas  of  minimal  carotene  dej)osi- 
tion  in  the  male  (62). 

Carotene  is  stored  in  lij)id-rich  areas. 
Thus  it  occurs  not  only  in  dermal  and  sub¬ 
cutaneous  fat  but  also  in  the  horny  layer. 


Deposition  in  the  latter  is,  of  course,  re¬ 
sponsible  for  the  yellow'  discoloration  of  the 
palms  and  soles  in  clinical  carotenemia. 

In  untreated  castrates  Edwards  et  at. 
(63)  found  excessive  amounts  of  carotene  in 
the  skin.  Administration  of  testosterone 
brought  this  pigment  back  to  normal  levels, 
although  a  temporary  increase  w'as  noted  in 
the  stratum  corneum  of  the  palms  and  soles, 
which  was  taken  to  indicate  that  some  caro¬ 
tene  was  lost  in  desquamated  cells. 

D.  HEMOGLOBIN  PIGMENTS 

Oxyhemoglobin  imi)arts  a  red  component 
to  skin  color.  This  comjionent  is  especially 
evident  over  areas  w'here  there  is  a  rich 
arterial  supply  and  the  subjiapillary-cajiil- 
lary  plexus  and  the  dermal  papillae  with 
their  capillaries  approach  closely  to  the  sur¬ 
face.  These  areas  include  the  flush  parts  of 
the  face  and  neck,  the  nipples,  palms,  soles, 
regions  of  the  tuber  ischii,  and  extensor 
surfaces  of  the  joints.  Factors  tending  to 
suppress  the  oxyhemoblogin  color  compo¬ 
nent  are:  (1)  venous  blood,  w'ith  its  bluish 
reduced  hemoglobin  in  the  venous  limbs  of 
the  papillary-caiiillary  loops  and  subpapil- 
lary  ple.xuses;  (2)  melanin,  wdiich,  by  ab¬ 
sorbing  across  the  spectrum,  blunts  the  re¬ 
flection  bands  of  oxyhemoglobin  (this  factor, 
of  course,  gives  rise  to  the  difficulty  in  de¬ 
tecting  erythema  in  dark-skinned  Negroes) ; 
and  (3)  the  turbidity  of  the  epidermis, 
which,  because  of  the  Tyndall  effect,  raises 
the  blue  end  of  the  reflectance  spectrum. 

Reduced  hemoglobin  contributes  a  dark- 
bluish  or  purple  comixinent  to  skin  color  and 
W'as  noted  in  Edwards  and  Duntley’s  studies 
especially  in  the  dorsum  of  the  feet  and  the 
lower  parts  of  the  trunk.  In  pathologic 
cyanosis  the  characteristic  bluish  color,  of 
course,  comes  from  reduced  hemoglobin. 
I  he  role  of  blood  circulation  in  skin  colora¬ 
tion  is  discussed  more  fully  on  pages  69  ff. 


HI.  MELANIN 


A.  DEFINITION  AND  FUNCTIONS 
Of  the  major  skin  pigments,  melanin  will 
be  considered  in  greatest  detail.  In  reflect¬ 


ance  spectrophotometric  studies  its  maxi¬ 
mum  absorption  is  in  the  ultraviolet.  Al¬ 
though  no  more  truly  precise  definition  of 
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the  term  “melanin”  can  be  given  than  “dark 
pigment,”  its  modern  use  has  been  more  or 
less  limited  to  the  brown  or  black  polymers 
that  originate  as  oxidation  products  of  tyro¬ 
sine  or  orthodihydroxyphenyl  compounds. 
Ropshaw’s  concept  of  melanin  as  the  prod¬ 
uct  of  the  union  of  protamine  and  cysteine 
(239)  is  mentioned  now,  only  to  point  out 
the  need  for  such  a  limiting  definition.  His 
concept  will  be  discussed  more  fully  later. 
IVIason  (182)  attempted  to  clarify  the  con¬ 
cept  of  melanin  by  classifying  the  various 
types  of  pigments  that  have  been  called 
“melanin”  into  two  major  categories — natu¬ 
ral  and  synthetic — and  proposed  further  sub¬ 
divisions  in  these  major  classes  on  the  basis 
of  their  sources  and  modes  of  preparation. 

Melanin  is  found  throughout  the  biologi¬ 
cal  world,  serving  mainly  to  provide  colora¬ 
tion.  This  pigmentary  function  has  never¬ 
theless  been  elaborated  into  important  and 
complex  mechanisms  for  camouflage  and 
sexual  attraction.  The  elaborate  nature  that 
the  camouflage  mechanisms  may  take  can 
be  illustrated  by  the  variety  of  striped, 
spotted,  and  seasonally  changing  coat  pat¬ 
terns  of  animals,  by  the  “ink”  of  squids,  and 
particularly  by  the  remarkable  adaptive 
color  changes  possible  in  some  reptiles,  am- 
{)hibians,  and  fishes.  The  flounder,  in  par¬ 
ticular,  has  very  well-developed  control 
over  the  dispersion  of  pigment  granules  in 
its  chromatophores  via  precise  neural  and 
hormonal  mechanisms.  Some  varieties  of 
these  bottom-dwelling  fish  can  accurately 
mimic  not  only  the  color  shade  but  also  the 
pattern  of  their  backgrounds.  Experimen¬ 
tally,  even  a  checkerboard  pattern  can  be 
remarkably  well  duplicated  (279).  The  na¬ 
ture  of  the  neural  and  hormonal  control  over 
chromatof)hores  will  be  considered  more 
fully  later. 

The  pigmentary  nature  of  melanin  fur¬ 
ther  serves  to  offer  some  j)rotection  against 
harmful  excessive  solar  radiation  and  con¬ 
stitutes  an  important  component  of  eye 
structure  for  eflicient  function.  In  addition, 
man  has,  of  course,  attached  considerable 
cosmetic  and  social  importance  to  melanin 
pigmentation. 


In  the  Negro  adult  man  the  total  amount 
of  melanin  by  weight  in  the  body  has  been 
estimated  to  be  about  1  gm.  (66). 

B.  ELEMENTARY  COMPOSITION  AND 
GENERAL  PROPERTIES 

Early  chemical  analyses  of  melanin 
showed  it  to  be  a  high-molecular-weight 
dyestuff  insoluble  in  water  and  in  most  or¬ 
ganic  solvents.-  Elementary  analyses  (128, 
23),  though  not  all  in  precise  agreement, 
indicated  the  presence  of  carbon,  nitro¬ 
gen,  hydrogen,  and  oxygen  in  approxi¬ 
mate  proportions  of  57,  9,  4,  and  30  per  cent, 
respectively.  Some  workers  also  reported 
varying  smaller  amounts  of  sulfur,  iron,  and 
copper;  but  these  can  best  be  considered,  as 
they  were  by  Bloch  (25),  to  be  impurities  re¬ 
sulting  from  incomplete  removal  of  attached 
protein  and  cellular  material.  The  chemical 
purification  of  natural  melanin  is  admittedly 
a  difficult  and  uncertain  task.  The  ability  of 
melanin  to  reduce  silver  and  gold  salts  and 
osmium  tetroxide  and  the  ability  of  its 
breakdown  products  to  give  positive  tests 
for  the  indole  nucleus  were  also  recognized 
by  early  workers,  as  was  the  bleaching  ac¬ 
tion  of  hydrogen  peroxide  and  potassium 
permanganate  on  the  pigment.  In  general, 
however,  melanin  was  found  to  be  rather 
inert  chemically. 

C.  ENZYMATIC  NATURE  OF  FORMATION 

Serious  study  of  the  chemistry  of  melanin 
began  after  Bloch’s  discovery  of  the  famous 
dopa  reaction  (22,  23,  27).  He  immersed 
frozen  sections  of  pigmented  human  skin 
into  a  dilute  solution  of  /-3,4-dihydroxy- 
phenylalanine  (“dopa”)  at  pH  7. 3-7.4  and 
noted  that  brown  granules  aj^peared  in  the 
cytoplasm  of  scattered  cells  in  the  basal 
layer  (Eig.  2).  He  further  closely  correlated 

2.  Solubility  in  alcohol  and  ])yri(linc  was  rc- 
])orte(l  by  Bloch  and  Schaaf  (27),  and  solubility  in 
ethylene  diamine  and  ethylene  chlorohydrin  was 
noted  by  Lea  (152).  In  these  reports,  however,  it  is 
jirobable  either  that  denatured  melanins  were  in¬ 
volved  or  that  the  solvents  reacted  chemically  with 
the  jiigment  polymer  to  break  it  down.  Solubility  in 
acids  of  alkali-precipitable  melanin  from  melanunc 
urine  is  also  well  known. 
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the  intensity  of  this  dopa  reaction  with 
known  varying  melanin-forming  capacities 
of  skin  from  different  sources.  The  enzy¬ 
matic  nature  of  the  dopa  reaction  was  then 
deduced  from  the  following  features:  It  was 
abolished  by  boiling  the  skin  or  in  the  pres¬ 
ence  of  enzyme  poisons,  such  as  hydrogen 
sulfide,  sulfur  dioxide,  and  fairly  high  con¬ 
centrations  of  i)otassium  cyanide;  it  was 
highly  specific,  requiring  the  levorotatory 
form  of  dopa;  and  it  had  a  definite  pH  range, 
being  abolished  in  acids  and  having  an 


claimed  shortcomings  of  the  theory  (192): 
Cells  other  than  melanin-forming  cells  were 
dopa-positive,  including  leukocytes,  nerve 
fibrils,  striated  muscles,  ganglion  cells, 
sweat  glands,  mast  cells  of  mice,  red  blood 
cells,  and  keratohyalin;  and  even  fruits,  such 
as  apples,  and  bacteria  and  fungi  could  be 
stained  with  dopa.  The  dopa  reaction 
was  nonspecific,  because  dopa-positive  cells 
could  also  be  stained  by  rongalite-white, 
paraphenylene  diamine,  and  several  other 
easily  oxidizable  substances  which  were 


Fig.  2.  Dopa  stain,  showing  dopa-positive  cells  in  basal  layer 


optimum  pH  of  7.35.  On  the  basis  of  this 
work  Bloch  considered  melanin  to  be  a 
polymerized  enzymatic  oxidation  product  of 
dopa  and  named  the  hypothetical  pigmento- 
genic  enzyme  in  the  skin  “dopa-oxidase.”-'’ 

_  This  dofia-oxidase  concept,  however,  was 
vigorously  challenged  by  a  grouj)  led  by 
Meirowsky.  They  pointed  out  the  following 

3.  Recently  Van  Duijn  has  challenged  some  of 
Bloch’s  findings  about  the  lability  of  the  histo- 
chemical  dojia  reaction  in  skin,  which  have,  accord¬ 
ing  to  him,  led  to  its  premature  classifcation  into  the 
group  of  cojiper-containing  phenolase  catalyzed  re¬ 
actions  (P.  Van  Duijn,  Inactivation  exiieriments  on 

^  Cytochem.,  i :  U3- 


clearly  nonmelanin-forming  agents.  Further¬ 
more,  Thannhauser  and  Moncorps  (196), 
contrary  to  Bloch’s  findings,  claimed  that 
freshly  pigmented  skin  reacted  with  several 
catechol  derivatives  other  than  dopa,  in¬ 
cluding  /)-hydro.xyphenylpyruvic  acid,  ho- 
moprotocatechuic  acid,  and  3,4-dihydroxy- 
phenylpyruvic  acid.  Skin  extracts  were 
said  to  react  not  only  with  dopa  but  also 
with  adrenaline,  epirenin,  catechol,  hydro- 
quinone,  tf-3,4-dihydro.xyphenylalanine,  and 
sometimes  even  />-cresol  and  tyrosine  (255). 
Specific  dopa-oxidase  activity  could  not  be 
demonstrated  in  skin  extracts  by  usual 
manometric  enzymatic  technics.  Meirowsky 
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(191,  192),  hence,  denied  that  there  was  a 
specific  dopa-oxidase  in  skin  and  claimed 
that  Bloch’s  results  could  be  explained  by 
nonspecific  polyphenolase  activity.  All  fac¬ 
ets  of  this  dispute  cannot  be  considered 
here,  but  it  should  be  pointed  out  that  this 
controversy  served  as  a  potent  stimulus  for 
research  and  that  much  valuable  basic  in¬ 
formation  about  melanogenesis  was  un¬ 
covered  by  both  sides. 

D.  MEIROWSKY  PHENOMENON 

Meirowsky  (190)  discovered  a  phenome¬ 
non  which  bears  his  name  and  which  is  char¬ 
acterized  by  an  increase  in  epidermal  pig¬ 
ment  in  excised  or  cadaver  skin  when  it  is 
incubated  at  v37°  C.  and  higher  or  on  ex¬ 
posure  to  ultraviolet  light.  This  process  was 
further  studied  by  Sharlit  (260),  who  noted 
that  atmospheric  oxygen  was  unnecessary 
for  the  phenomenon  to  occur  and  that  boil¬ 
ing  the  skin  or  formalin  fixation  did  not  alter 
it.  Furthermore,  cyanide  and  fluoride  ions 
enhanced  the  process,  whereas  mercuric  ions 
inhibited  it.  Sharlit  also  noted  that  the  pig¬ 
ment  produced  as  a  result  of  the  Meirowsky 
phenomenon  never  appeared  in  the  form  of 
dendritic  cells  but  was  seen  as  a  granular 
deposit  chiefly  around  the  periphery  of  cells 
in  the  lower  layers  of  the  epidermis.  The 
exact  role  that  the  Meirowsky  phenomenon 
plays  in  human  skin  pigmentation  is  difficult 
to  assess.  At  least  the  so-called  “pigment 
darkening”  or  immediate  pigmentation  de¬ 
veloping  within  an  hour  after  ultraviolet 
light  exposure  is  probably  a  result  of  this 
process.  This  immediate  darkening  is  more 
pronounced  in  areas  already  slightly  pig¬ 
mented  diffusely  from  ultraviolet  light  (62) 
or  in  freckles  (68). 

Various  attemi)ts  to  harmonize  the  Mei¬ 
rowsky  phenomenon  with  the  Bloch  dopa- 
oxidase  concept  have  been  made.  Thus 
Miescher  and  Minder  (194)  claimed  that  it 
resulted  from  oxidation  and  consequent 
darkening  of  pale,  incompletely  oxidized  or 
reduced,  preformed  melanin  granules.  Shar¬ 
lit  (260)  considered  that  it  was  caused  by 
a  shift  of  cellularly  active  oxygen  from  “pri¬ 
ority”  respiratory  enzyme  systems,  which 


were  destroyed  by  factors  which  elicit  the 
phenomenon,  to  the  melanin-forming  sys¬ 
tem.  Others  went  so  far  as  to  consider  the 
phenomenon  an  artifact,  the  result  of  tissue 
shrinkage  (261),  with  consequent  closer 
clustering  of  melanin  granules  already  pres¬ 
ent,  or  to  state  that  it  was  merely  analogous 
to  the  kind  of  nonspecific  tissue  darkening 
seen  in  gangrene. 

Ropshaw  (239),  on  the  other  hand, 
elaborated  an  entirely  different  theory  for 
melanogenesis  which  could  encompass  the 
Meirowsky  phenomenon.  He  claimed  that 
melanin  formation  came  about  as  the  result 
of  nuclear  cleavage  followed  by  union  of 
protamine  liberated  from  the  nucleus,  with 
cysteine  present  in  the  cytoplasm  to  form  a 
black  precipitate  if  the  cellular  pH  was  suf¬ 
ficiently  alkaline.  He  had  mixed  protamine 
extracted  from  skin  with  reduced  gluta¬ 
thione  at  pH  7.38  and  found  that  a  black 
precipitate  appeared.  However,  he  found 
various  unidentified  contaminating  micro¬ 
organisms  in  those  of  his  preparations  in 
which  the  reaction  occurred.  He  further 
found  that  iron  catalyzed  this  reaction  be¬ 
tween  protamine  and  cysteine  and  that  it 
was  nonenzymatic,  because  boiling  of  the 
reagents  did  not  alter  the  results.  Although 
Ropshaw’s  experiments  were  compatible  not 
only  with  the  nonenzymatic  Meirowsky 
phenomenon  but  also  with  Meirowsky’s 
contention  that  melanin  formation  com¬ 
menced  from  cellular  nuclei — a  view  he  still 
holds  (193)— his  postulate  did  not  receive 
recognition  or  support  (except  by  Latarjet 
[150]),  chiefly  because  of  the  complicating 
factor  of  contaminant  microorganisms  and 
because  no  chemical  analyses  of  the  result¬ 
ing  black  precipitates  were  made.  Certainly, 
very  little  can  be  said  about  the  relation,  if 
any,  of  Roi)shaw’s  incomplete,  nonphysio- 
logic,  test-tube  experiments  to  melanogene¬ 
sis  in  the  living  skin.  This  work  of  Ropshaw 
is  mentioned  chiefly  to  point  out  the  diffi¬ 
culties  engendered  by  generalizing  the  defi¬ 
nition  of  melanin  to  include  any  black 
pigment  occurring  in  nature  or  in  the  test 
tube  as  the  result  of  a  variety  of  manipula¬ 
tions. 
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E.  TYROSINASE  CONCEPT  FOR  MELANIN 
FORMATION 

Considerably  antedating  the  dopa-oxi- 
dase  controversy,  Hourquelot  and  Jiertrand 
(31),  near  the  turn  of  the  century,  discov¬ 
ered  an  enzyme  in  tlie  mushroom  Russula 
nigricans  which  oxidized  tyrosine  in  that 
plant  through  red  intermediate  stages  to  a 
brown-black  pigment  having  many  proper¬ 
ties  of  melanin.  They  named  this  enzyme 
“tyrosinase”  (16).  Following  discovery  of 
this  enzyme,  it  was  found  widely  distributed 
in  nature,  in  numerous  plants,  bacteria,  in¬ 
vertebrate  animals,  and  fish.  It  was  held  re¬ 
sponsible,  in  many  instances,  for  the  pig¬ 
mentation  of  these  organisms.  As  early  as 
1901  von  Fiirth  (87)  had  suggested  that  such 
an  oxidative  enzyme  might  be  responsible 
for  melanin  formation.  Kastle  in  his  review 
lists  numerous  sources  of  tyrosinase  (139). 

For  a  long  time  sporadic  and  contradic¬ 
tory  reports  appeared  about  the  presence  of 
tyrosinase  in  melanin-forming  mammalian 
tissues,  especially  in  melanotic  tumors.  Posi¬ 
tive  results  were  rejiorted  by  some  (90,  59, 
305,  4,  227,  52)  and  negative  findings  by 
others  (23,  215,  310,  40,  253).  This  confu¬ 
sion  about  mammalian  tyrosinase  began  to 
clear  in  1942,  when  Hogeboom  and  Adams 
(124)  found  transplantable  mouse  mela¬ 
nomas  to  contain  tyrosinase.  Subsequently, 
this  finding  received  conclusive  confirmation 
from  many  sources.  The  properties  of  mam¬ 
malian  tyrosinase  were  studied  and  reported 
in  detail  by  Lerner,  Fitzpatrick,  Calkins, 
and  Summerson  (160).  Recently,  tyrosinase 
activity  has  even  been  demonstrated  histo- 
chemically  in  normal  human  skin  by  Fitz¬ 
patrick,  Becker,  Lerner,  and  Montgomery 
(74).  They  irradiated  human  skin  in  situ  for 
7  consecutive  days  with  erythema  doses  of 
ultraviolet  radiation  and  then  excised  a  bi¬ 
opsy  specimen  and  incubated  it  in  a  buff¬ 
ered  tyrosine  solution  and  found  darkening 
of  melanocytes  similar  to  that  occurring  in 
the  dopa  reaction  (Fig.  3). 

I.  Chemistry  of  Tyrosinase  Reaction 

Major  sources  of  tyrosinase  for  experi¬ 
mental  studies  have  been  mushrooms,  po¬ 


tatoes,  meal-worm  larvae,  and  mouse  mela¬ 
nomas.  The  series  of  reactions  and  inter¬ 
mediate  products  resulting  from  tyrosinase 
action  were  uncovered  largely  through  the 
classic  work  of  Raper  and  his  co-workers 
(232).  They  allowed  meal-worm  tyrosinase 
to  act  upon  tyrosine  at  pH  6.0  until  the 
maximal  red  intermediate-color  stage  was 
reached.  The  enzyme  was  then  precipitated 
with  acetic  acid  and  removed.  On  decoloriza- 
tion  of  the  remaining  red  solution,  either  by 
allowing  it  to  stand  in  vacuo  or  by  adding 
sulfurous  acid,  they  could  demonstrate  the 
presence  of  three  substances  in  the  solution 
— /-3,4-dihydro.xyphenylalanine,  5,6-dihy- 
droxyindole,  and  5,6-dihydro.xyindole-2-car- 
boxylic  acid.  The  indole  compounds,  being 
unstable,  were  identified  by  methylation 
under  hydrogen  with  dimethyl  sulfate  to  the 
corresponding  dimethyl  compounds.  The 
decarboxylated  indole  predominated  when 
the  red  substance  had  been  allowed  to  de¬ 
colorize  spontaneously,  whereas  the  carbox- 
ylated  indole  comjiound  predominated  when 
the  decolorization  was  speeded  up  with 
sulfurous  acid.  When  /-3,4-dopa  was  used  as 
the  substrate  for  the  enzyme,  the  same  in¬ 
dole  derivatives  were  obtained.  The  conclu¬ 
sion  was  therefore  reached  that  dopa  repre¬ 
sented  the  first  step  in  the  enzymatic  oxida¬ 
tion  of  tyrosine.  Largely  on  the  basis  of 
these  findings,  Raper  and  his  group  then 
proposed  the  well-known  series  of  reactions 
for  the  events  occurring  in  the  tyrosinase- 
tyrosine  reaction  (Fig.  4). 

Dopaquinone  (228)  has  never  been  di¬ 
rectly  identified  in  the  reaction.  It  is  very 
unstable  and,  if  actually  formed,  is  believed 
to  undergo  immediate  intramolecular  rear¬ 
rangement  in  a  fashion  analogous  to  anilino- 
quinone  formation,  so  that  the  nitrogen  of 
the  side  chain  links  up  with  the  6  position  of 
the  benzene  nucleus  to  form  5,6-dihydroxy- 
dihydroindole-2-carboxylic  acid  (reduced 
dopachrome  or  “leucobody”)  (231).  That 
orthoquinone  formation  can  be  brought 
about  by  tyrosinase  action  has  been  demon¬ 
strated  by  allowing  the  enzyme  to  act  upon 
catechol  in  the  presence  of  aniline.  Under 
these  circumstances  the  anilino-quinone  de- 
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rived  from  orthobenzoquinone  can  be  iso¬ 
lated.  To  explain  further  the  difficulty  in 
obtaining  dopaquinone  from  the  tyrosinase- 
tyrosine  reaction,  Evans  and  Raper  (67)  have 
jiointed  out  that  the  oxidation-reduction  po¬ 
tentials  are  such  that  reduced  dopachrome 


dopaquinone  after  noting  that  dopa  ac¬ 
cumulates  initially  in  the  tyrosinase-tyro- 
sine  system.  After  2-5  hours  they  found  that 
10-20  j)er  cent  of  the  tyrosine  oxidized  by 
meal-worm  tyrosinase  could  be  recovered  as 
dopa,  even  though  the  enzyme  can  oxidize 


Fir  t  -  \ctivation  of  tyrosinase  ])y  ultraviolet  light.  B,  normal  white  human  skin  incubated  with  tyro- 
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immediately  reduces  any  dojtaquinone  pres¬ 
ent  back  to  dojia  and  is  itself  oxidized  in  the 
[irocess  to  red  dopachrome,  the  first  visible 
jiroduct  of  the  enzyme’s  action.  1  hey  ])ostu- 
lated  this  action  of  reduced  dopachrome  on 


dopa  more  easily  than  tyrosine,  and  they 
also  noted  that  the  addition  of  reduced 
do{)achrome  increased  this  accumulation  of 
dojia. 

For  a  long  time  dopachrome— the  qui- 
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Reduced  melanin  (tan)  Oxidized  melanin  (black) 

Fig.  4. —  Raper’s  scheme  ofjmelaninjformation,  modified 
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none  of  5,6-dihydroxydihydroin(lole-2-car- 
boxylic  acid  was  believed  to  be  identical 
with  hallachrome,  which  occurs  naturally  in 
the  worm parthenopaea  (189).  Bu’lock, 
Harley-Mason,  and  Mason  (34)  have,  how¬ 
ever,  recently  brought  forth  spectrophoto- 
metric  evidence  to  prove  that  these  sub¬ 
stances  are  dissimilar,  and  hence  they  pro- 
IX)sed  the  name  “dopachrome”  for  the  red 
intermediate  compound  in  the  melanin¬ 
forming  reaction. 

The  last  step  in  the  Raper  scheme  for 
melanin  formation  has  two  alternative  pos¬ 
sibilities,  one  involving  decarboxylation 
prior  to  polymerization  and  the  other  not. 
The  decarboxylative  mechanism  is  more 
likely  under  normal  conditions  for  the  fol¬ 
lowing  reasons:  (1)  sulfurous  acid  was  shown 
by  Raper  to  be  necessary  for  nondecar- 
boxylative  melanin  formation  to  be  favored 
in  tyrosinase-tyrosine  systems;  (2)  rabbits 
injected  with  dihydroxyindole  excrete  a  con¬ 
jugated  chromogen  in  the  urine  identical 
with  that  found  in  melanuric  urine,  whereas 
when  5,6-dihydroxyindole-2-carboxylic  acid 
is  similarly  injected,  it  is  excreted  un¬ 
changed;  and  (3)  Mason  (187)  has  shown 
manometrically  that  decarboxylation  and 
rearrangement  of  dopachrome  occur  simul¬ 
taneously  and  that  this  is  not  an  enzymatic 
process  but  is  dependent  on  hydroxide  ion 
catalysis — in  acid  solutions  the  nondecar- 
boxylative  rearrangement  is  favored. 

The  steps  subsequent  to  5, 6-dihydroxy  in¬ 
dole  formation  have  been  recently  investi¬ 
gated  and  discussed  by  Mason  (183).  He  has 
shown  spectrophotometrically  that,  in  the 
presence  of  tyrosinase,  5, 6-dihydroxy  indole 
is  oxidized  to  a  purple  pigment,  which  is 
indole-5,6-quinone  or  its  quinonimine  tau¬ 
tomer.  It  is  probably  this  compound  whose 
absorption  spectrum  w^as  given  by  Mazza 
and  Stolfi  (189)  when  they  described  “halla¬ 
chrome.” 

Several  methods  of  polymerization  of 
melanin  precursors  have  been  suggested  in 
the  past.  Mason  (183)  reviewed  these  early 
proposals  and  found  them  nonapplicable  to 
enzymatic  melanin  formation.  He  rather  re¬ 
gards  indole-5, 6-quinone  as  at  least  a  bi¬ 


functional  monomer  capable  of  undergoing 
coupling  with  itself. 

Several  groups  of  workers,  esi)ecially  in 
Britain,  have  recently  undertaken  a  detailed 
investigation  of  this  i)roblem  of  melanin 
polymerization  by  synthesizing  many  mela¬ 
nin  precursors  with  substituted  groups 
blocking  various  of  the  possible  reactive 
positions  (184).  The  problem,  however,  was 
found  to  be  more  comjdex  than  was  appar¬ 
ent  at  first,  because  several  different  modes 
of  oxidative  polymerization  of  the  substi¬ 
tuted  hydroxyindoles  can  occur,  depending 
on  which  positions  are  blocked.  Thus  if  the 
one  position  is  blocked  with  a  methyl  group 
by  starting  with  N-methyl  tyrosine,  an  N- 
methyl  melanin  can  be  formed.  Clemo  and 
Duxbury  (43),  how'ever,  have  shown  that 
the  ultraviolet  absorption  spectrum  of  the 
melanin  derived  from  this  N-methyl  tyro¬ 
sine  differs  radically  from  that  of  tyrosine 
melanin.  Incidentally,  the  melanin-like  sub¬ 
stance  derived  from  adrenaline  via  oxidation 
through  adrenochrome  by  tyrosinase  is  such 
an  N-methyl  polymer,  and  thus  Wohlge¬ 
muth’s  (306)  claim  that  adrenaline  is  the 
precursor  of  natural  melanin  cannot  be 
accepted  unless  natural  melanin  is  shown 
to  have  an  N-methyl  tyrosine  type  of  ab¬ 
sorption  spectrum,  which  has  not  yet  been 
done. 

About  the  2  position  we  know  that  the 
polymerization  of  unsubstituted  5,6-dihy- 
droxyindole  on  alkaline  oxidation  yields  a 
melanin  which  gives  a  negative  Ehrlich 
/>-dimethyl-amino-benzaldehyde  reaction, 
whereas  if  5,6-dihydro.xy-2-methylindole 
j)olymerizes  under  similar  conditions,  it 
gives  a  black  precipitate  (37)  with  a  posi¬ 
tive  Ehrlich  test  (38).  The  sj^ectrum  of 
2-methyl-substituted  5,6-dihydroxyindole 
j)olymer  also  differs  markedly  from  that  of 
ordinary  tyrosine  melanin.  If  both  the  1  and 
2  positions  of  the  })otential  indole  nucleus 
are  blocked,  as  when  the  ethyl  ester  of  N- 
methyl  tyrosine  is  the  starting  compound, 
no  dark  pigment  at  all  is  formed  by  tyro¬ 
sinase.  In  view  of  these  e.xperiments,  i)osi- 
tion  2  cannot  altogether  be  excluded  from 
involvement  in  the  polymerization  of  tyro¬ 
sine-derived  melanin. 
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The  status  in  polymerization  of  jwsition  3 
of  the  indole  nucleus  is  similarly  uncertain, 
because,  although  5,6-dihydroxy-3-methyl- 
indole  which  has  been  prepared  and  does 
polymerize  on  alkaline  oxidation,  it  does  so 
to  a  blue  rather  than  to  a  brown  or  black 
j)recipitate  (11).  Also  5,6-dihydroxy-2,3- 
diniethylindole  has  been  prepared  and  dark¬ 
ens  on  alkaline  oxidation  but  fails  to  poly¬ 
merize  sufficiently  to  form  a  precipitate. 

Position  4  need  not  be  involved  in  poly¬ 
merization  because  2,3-dihydroxyphenylala- 
nine  can  still  lead  to  the  formation  of  a  black 
precipitate  wdth  a  tyrosine-melanin  type  of 
absorption  spectrum  (43).  This  observation 
indicates  that  the  2  hydroxy  group  of  the 
2, 3-dihydro xyphenylalanine,  which  becomes 
the  4  hydroxy  on  the  indole  nucleus,  can  re¬ 
main  free  during  the  process. 

The  role  of  the  5  and  6  positions  has  been 


clarified  only  to  the  extent  that  orthoqui- 
none  formation  at  these  jiositions  is  not  es¬ 
sential  for  polymerization,  because  Morton 
and  Slaunwhite  (201)  have  shown  that  6- 

hydroxy-5-methyl-3-j)henylindole-2-carbox- 

ylic  acid  can  still  polymerize  to  a  melanin¬ 
like  material.  The  role  of  the  7  position  was 
explored  by  the  synthesis  of  7-isopropyl-5,6- 
dihydroxyindole  and  was  found  not  essential 
for  pigment  polymer  formation. 

Although  no  definite  chemical  picture  can 
yet  be  drawn  to  illustrate  the  nature  of  the 
melanin  polymer,  much  progress  toward 
such  a  goal  has  been  made,  and  active  in¬ 
vestigation  of  the  subject  continues.  Mason 
and  Lada  (186)  most  recently  have  proposed 
the  following  structures  to  illustrate  the 
types  of  in  vitro  dopa  melanin  polymeriza¬ 
tion  units  that  are  possible  on  the  basis  of 
currently  known  facts. 


It  is  likely  that  a  quinonoid  structure 
exists  in  the  polymer  because  of  the  dark 
color  of  melanin,  which  can  be  reversibly  re¬ 
duced  to  a  light-tan  color.  Such  a  reduced 
light-tan  melanin  can  be  obtained  by  treat¬ 
ing  black  melanin  with  reducing  agents,  such 
as  ascorbic  acid  or  sodium  hydrosulfite. 
These  tan  melanins  can  be  reconverted  to 
the  black  state  by  adding  an  o.xidizing  agent, 
such  as  potassium  ferricyanide.  This  reversi¬ 
ble  oxidation  was  earlier  demonstrated  in 
histologic  sections  by  Miescher  and  Minder 
(164).  Extreme  oxidation,  however,  will 
again  bleach  melanin,  as  is  clearly  illustrated 
by  hydrogen  peroxide  hair  bleaches  and  by 
the  bleaching  action  of  permanganate  and 
bichromatic  ions  on  melanin. 


2.  Role  of  Redox  Potential 

Figge  (70)  has  considered  extensively  the 
oxidation-reduction  potentials  in  the  mela¬ 
nin-forming  reactions.  He  noted  that  tyro¬ 
sinase  functions  best  at  a  redox  potential  of 
-l-().065  volts  and  that  it  becomes  almost 
completely  inhibited  at  potentials  either 
above  -f  0.3  or  below  —0.3  volts,  such  as  can 
be  achieved  in  the  i)resence  of  potassium  fer¬ 
ricyanide  and  glutathione,  respectively.  He 
further  pointed  out  that  the  redox  potential 
during  in  vitro  melanin  formation  is  largely 
poised  by  the  dopachrome  system  at  about 
+0022  volts  at  pH  7,  because  both  oxidized 
and  reduced  forms  of  dopachrome  can  coex¬ 
ist  for  appreciable  times,  owing  to  the  rela¬ 
tively  slow  molecular  rearrangement  of 
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dopachrome  to  the  subsequent  melanin  pre¬ 
cursor.  The  do{)a  to  dopaquinone  redox  po¬ 
tential  at  pH  7  was  shown  by  Ball  (8)  to  be 
-f- 0.360  volts.  This  potential,  if  maintained, 
would  be  high  enough  to  inhibit  the  enzyme, 
but,  as  pointed  out  already,  the  formation  of 
dopaquinone  is  merely  a  transitory,  if  not  a 
hypothetical,  step,  and  this  compound  can¬ 
not  accumulate  to  any  extent  because  of  the 
reducing  action  of  reduced  dopachrome.  Be¬ 
cause  biological  oxidations  generally  proceed 
in  the  greatest  possible  stepwise  fashion,  it  is 
also  ])robable  that  transitory  intermediate 
steps,  not  yet  mentioned,  involving  semi- 
quinone  formation  occur  during  the  process 
of  melanin  synthesis. 

From  the  {)receding  considerations  it  is 
evident  that  the  redox  potential  at  the  site 
of  melanin  formation  must  exert  a  profound 
regulatory  effect  on  the  process. 

3.  Points  of  Tyrosinase  Action 

The  enzyme  tyrosinase  acts  at  several 
points  in  the  reaction.  Its  presence  under 
physiological  conditions  is  essential  for  the 
first  step  involving  oxidation  of  tyrosine  to 
dopa  to  occur.  Arnovv  (7),  however,  has 
shown  that  even  this  step  can  proceed  in  the 
absence  of  enzyme  through  the  action  of 
intense  ultraviolet  irradiation;  and  Roth¬ 
man  (243)  later  showed  that  much  less  in¬ 
tense  ultraviolet  irradiation  can  accom{)lish 
the  same  thing  if  ferrous  salts  are  present. 
Ascorbic  acid  (242,  290)  was  also  found  to 
catalyze  this  first  step.  4'he  first  point  of 
tyrosinase  action  involving  oxidation  of 
tyrosine  to  dopa  is  marked  by  an  unusual 
feature  known  as  the  “induction  period, 
d'hus,  when  tyrosine  and  tyrosinase  are 
mixed,  a  time  lag  occurs  before  the  maximal 
rate  of  oxidation  gets  under  way.  I  his  lag  is 
the  induction  j)eriod  and  has  been  delmed 
for  the  tyrosinase-tyrosine  system  as  the 
intercept  on  the  time  axis  of  an  extension  of 
the  slope  of  the  oxidation  curve  when  oxida¬ 
tion  is  proceeding  maximally  (160).  An  in¬ 
duction  [leriod  of  this  sort  is  not  observed 
when  tyrosinase  acts  ujion  dopa  as  substrate 
(Fig.  5).  Several  factors  can  regulate  the 
duration  of  the  induction  period  in  tyro¬ 


sinase-tyrosine  oxidation.  Among  these  the 
redox  potential  is  an  important  one.  Any¬ 
thing  tending  to  lower  it  shortens  the  induc¬ 
tion  period,  whereas  agents  that  raise  this 
potential  jirolong  the  induction  period.  Be¬ 
sides  this  redox  potential  factor,  the  jires- 
ence  of  small  amounts  of  /-dopa  in  some  way 
more  specifically  shortens  the  induction  j)e- 
riod.  This  action  was  jiointed  out  by  Lerner 
and  Fitzpatrick  (157),  who  noted  that  /- 
doj)a  was  more  effective  in  shortening  the 
induction  period  than  an  equal  amount  of 
(//-dopa.  Because  of  this  accelerating  action 
of  dopa  on  the  first  step  of  melanin  forma¬ 
tion,  it  is  evident  that  this  step  is  an  auto- 
catalytic  one. 

The  steps  to  melanin  beyond  dopa  will 
proceed  slowly  via  atmospheric  oxidation  in 
nonacid  solutions,  even  in  the  absence  of 
tyrosinase.  The  jiresence  of  tyrosinase,  how¬ 
ever,  greatly  hastens  these  steps.  In  these 
phases  of  the  melanin-forming  process  be¬ 
yond  the  initial  step,  tyrosinase  is  believed 
to  act  at  ])oints  where  orthodihydroxy  struc¬ 
tures  are  oxidized  to  their  corresponding 
orthoquinones,  such  as  dopa  to  dopa-qui- 
none  and  5,6-dihydroxyindole  to  indole-5, 6- 
quinone. 

4.  Properties  of  Tyrosinase 

The  nature  and  properties  of  the  enzyme 
tyrosinase  itself  have  been  reviewed  in  con¬ 
siderable  detail  more  recently  by  Nelson  and 
Dawson  (206)  and  by  Lerner  et  at.  (160). 
There  is  general  agreement  that  certain 
properties  are  common  to  all  tyrosinase 
jireparations,  regardless  of  their  source  or 
mode  of  jireparation,  while  other  jiroperties 
show  considerable  variation.  Thus  all  tyro- 
sinases  bring  about  the  oxidation  of  tyrosine 
to  melanin;  all  are  copjier-protein  com- 
plexes,  in  whicli  copper  is  related  to  enzy¬ 
matic  activity;  and,  for  all,  the  jiresence  of 
an  orthodihydroxyphenyl  compound,  such 
as  dopa  or  catechol,  enhances  the  oxidation 
of  monophenolic  substrates,  such  as  tyro¬ 
sine.  As  regards  this  last  point,  Nelson  and 
Dawson  suggest  that  the  monojihenolase  ac¬ 
tivity  of  tyrosinase  is  secondary  to  its  ortho- 

dihydro.xyphenol-oxidizing  property  in  such 
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a  way  that  during  the  oxidation  of  an  ortho- 
dihydric  phenol  a  portion  of  the  enzyme 
complex  becomes  activated,  so  that  it  can 
bring  about  the  oxidation  of  monohydric 
phenols.  Their  reasons  for  proposing  this 
concept  of  one  enzyme  with  two  activities, 
one  of  which  is  activated  during  the  opera- 


alone  do  not  bring  about  monophenol  oxida¬ 
tion  and  chemical  removal  of  such  oxidation 
products  does  not  halt  enzymatic  mono¬ 
phenol  oxidation;  and  (3)  orthodihydro xy- 
{)henolic  compounds  markedly  catalyze 
monophenolase  activity.  Lerner,  hitzj)at- 
rick,  Calkins,  and  Summerson  (159,  160, 


tie.  The  effect  of  dopa  on  the  induction  period  in  the  enzymatic  oxidation  of  tyrosine  by  mouse  mel¬ 
anoma  preparations  at  pH  6.8  and  38°.  Curve  a,  0.5  mg.  of  dopa;  curve  b,  0.1  mg.  of  dopa  +  0.4  mg.  of  tyro¬ 
sine,  curve  c,  0.05  mg  of  dopa  +  0.45  mg.  of  tyrosine;  curve  d,  0.01  mg.  of  dopa  -f-  0.49  mg  of  tyrosine- 
curve  e  0.001  mg.  of  dopa  -f  0.50  mg.  of  tyrosine;  curve/,  0.50  mg.  of  tyrosine.  From  Lerner  el  at  (160)’ 
(Reproduced  by  permission  of  Dr.  Lerner  and  the  journal  of  Biological  Chemistry  ) 


tion  of  the  other,  are  based  on  the  following 
considerations:  (1)  although  great  variations 
in  relative  monophenolase  and  dihydroxy- 
phenolase  activities  can  occur  in  tyro- 
sinases  prepared  by  different  methods,  the 
two  activities  have  never  been  entirely  dis¬ 
sociated  in  even  the  purest  preparations; 
(2)  active  participation  of  enzyme  is  neces¬ 
sary  not  only  for  dihydroxyphenolase  but 
also  for  monophenolase  activity,  because 
oxidation  products  of  dihydroxyphenols 


161, 162,  163),  working  with  melanoma  tyro¬ 
sinase,  confirmed  these  findings  and  brought 
forth  a  further  observation  supporting  this 
one  enzyme  with  two  activities  concept. 
They  found  that  N-acetyl  and  N-formyl- 
tyrosine,  competitive  inhibitors  of  tyrosine- 
tyrosinase  systems,  also  inhibit  dopa-tyro- 
sinase  systems. 

Among  the  variable  properties  of  different 
tyrosinase  preparations  can  be  listed  the 
relative  potencies  of  monophenolase  and 
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orthodihydroxyj)henolase  activities — stal)il- 
ity,  substrate  range,  requirement  of  acti¬ 
vators,  susceptibility  to  inactivation  during 
the  course  of  enzyme  action,  and  electro¬ 
phoretic  and  other  physicochemical  charac¬ 
teristics.  Among  plant  tyrosinases,  that  from 
mushrooms  has  been  so  highly  purified  by 
Mallette  and  Dawson  (178)  as  to  be  electro- 
phoretically  homogeneous  and  almost  so  in 
the  ultracentrifuge.  This  preparation  was  a 
copper-protein  complex  with  a  molecular 
weight  of  approximately  100,000  and  con¬ 
tained  four  atoms  of  copper  per  molecule. 

Tyrosinase  of  mammalian  origin  differs 
most  significantly  from  tyrosinases  of  plant 
and  lower  animal  origin,  in  that  it  has  not 
thus  far  been  separated  from  cellular  par¬ 
ticulate  matter  and  brought  into  colloidal 
solution.  Furthermore,  it  has  a  more  limited 
substrate  range,  it  is  not  readily  inactivated 
during  the  reactions  it  brings  about,  and  a 
quantitative  relationship  has  been  shown 
between  the  negative  logarithm  of  the  dopa 
concentration  and  the  induction  period. 

Kertesz  (142)  most  recently  entirely  re¬ 
jects  tyrosinase  as  a  specific  enzyme  and  has 
brought  forth  evidence  showing  that  plant 
tyrosinase,  at  least,  is  simply  polyphenol- 
oxidase  plus  orthoquinone  plus  metallic  ions. 
Although  copper  is  specifically  required  for 
polyphenolase  activity,  for  tyrosinase  ac¬ 
tivity  other  metallic  ions,  such  as  cobalt, 
nickel,  and  vanadium,  will  serve,  although 
copper  is  about  two  and  a  half  times  as  ac¬ 
tive  as  these.  Iron,  zinc,  chromium,  manga¬ 
nese,  and  magnesium  were  found  inactive, 
and,  curiously,  cytochrome  c  was  found  to 
inhibit  the  tyrosinase  activity  of  this  system. 

Mammalian  tyrosinase  extracted  from 
Harding-Passey  mouse  melanomas  has  been 
studied  extensively  by  Lerner,  hitzpatrick, 
Calkins,  and  Summerson  (159,  160,  161, 
162,  163).  Only  tyrosine  and  its  ethyl  ester, 
among  a  number  of  monohydroxy  com¬ 
pounds  tested,  could  serve  as  suitable  sub¬ 
strates.  Phenol,  di-iodotyrosine,  4-metho.xy- 
phenylalanine,  and  tyramine  were  relatively 
inert  even  in  the  presence  of  catalytic 
amounts  of  dopa;  3-amino,  v5-fluoro-,  N 
formyl-,  and  N-acetyl  derivatives  not  only 


failed  as  substrates  but  proved  to  be  potent 
inhibitors.  The  N-acetyl-tyrosine  was  even 
proved  to  be  a  true  competitive  inhibitor  of 
tyrosinase  activity.  Among  dihydroxy  com¬ 
pounds,  only  /-dopa  and,  to  a  lesser  extent, 
(//-dopa  and  (//-paredrine  were  significantly 
active  substrates.  Arterenol,  catechol,  and 
homogentisic  acid  could,  however,  shorten 
the  induction  period  of  enzyme  action.  Fur¬ 
thermore,  these  latter  compounds  and  ej)!- 
nephrine,  isuprel,  hydroquinone,  /)-benzyl- 
hydroquinone,  and  cobefrin  could  be  rapidly 
oxidized  in  the  system  studied  if  dopa  oxida¬ 
tion  proceeded  simultaneously. 

That  copper  was  essential  for  mammalian 
tyrosinase  activity  (161)  was  shown  by  add¬ 
ing  KCN  to  the  enzyme  and  dialyzing  the 
copper  cyanide  complex  away,  as  had  been 
done  previously  by  Kubowitz  (147,  148) 
with  potato  tyrosinase.  This  procedure  re¬ 
duced  enzyme  activity  by  85  per  cent.  This 
loss  of  activity  could  be  restored  by  adding 
cupric  ions;  Fe+++,  Zn++,  Co"*^,  Mg++,  and 
Mn++  were  ineffective  in  restoring  activity, 
but  Ni++  could  restore  activity  to  some  e.x- 
tent.  Other  coj)j)er  reagents,  such  as  sodium 
diethyldithiocarbamate  and  phenylthiourea 
were  also  found  to  inhibit  this  enzyme  (159), 
and  their  inhibiting  action  could  be  released 
by  adding  excess  copper. 

Although  Sizer  (265,  266)  has  reported 
mushroom  tyrosinase  capable  of  bringing 
about  oxidation  of  tyrosine  combined  in 
peptide  chains  in  protein,  Lerner,  Fitzpat¬ 
rick,  Calkins,  and  Summerson  (162)  do  not 
believe  this  likely  with  mammalian  tyro¬ 
sinase.  They  point  out  the  inability  of  this 
latter  enzyme  to  oxidize  the  N-acetyl  or  N- 
formyl  substituted  tyrosines  in  which  the 
amino  group  is  bound  in  peptide  bond  fash¬ 
ion.  Kausche  and  Hahn  (140)  also  have  been 
unable  to  demonstrate  tyrosinase  oxidation 
of  tyrosine  bound  in  pe[)tide  linkages. 

The  effects  of  various  ions  on  melanin 
formation  by  mammalian  tyrosinase  were 
studied  by  Lerner  (156).  The  monovalent 
cations — lithium,  sodium,  potassium,  and 
ammonium — had  no  effect  on  in  vitro  mela¬ 
nin  formation.  Of  the  anions,  the  previous 
finding  that  chloride  in  high  concentrations 
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(about  three  times  i)liysiologic)  inhibits  the 
process  was  confirmed,  and,  furthermore, 
fluoride,  acetate,  and  oxalate  ions  were 
found  similarly  to  inhibit  in  vitro  tyro¬ 
sinase  action.  Strongly  oxidizing  anions,  like 
nitrite  and  persulfate,  also  interfered  with 
enzyme  action,  as  might  be  expected  from 
their  actions  on  the  redox  potential.  Sulfate, 
nitrate,  bromide,  iodide,  and  a  number  of 
other  anions  showed  no  effect.  Curiously, 
however,  lithium  sulfate  was  found  to  in¬ 
hibit  the  reaction. 

Twenty-four  metallic  ions  were  also 
tested  for  their  ability  to  interfere  with  cop- 
I^er  reactivation  of  apotyrosinase  (tyro¬ 
sinase  with  its  co{)per  removed).  Of  these, 
only  mercury,  silver,  and  gold  ions  could 
compete  with  copj^er  for  position  on  the  ai)o- 
enzyme  so  as  to  jiroduce  an  inactive  prepa¬ 
ration.  It  was  also  found  that  the  first  metal 
bound  by  the  apo-enzyme  was  not  easily  re¬ 
placed  by  the  other  ions.  These  experiments 
suggested  a  mechanism  to  explain  the  well- 
known  mild  skin-bleaching  action  of  am- 
moniated  mercury  ointments  (205).  Mercu¬ 
ric  ions  thus  might  partially  dis})lace  copper 
from  tyrosinase  and  interfere  with  enzyme 
action. 

The  role  of  silver  added  to  the  melanin¬ 
forming  reactions  may  be  still  further  com¬ 
plicated.  Experiments  in  my  laboratory  (12) 
showed  that  silver  almost  completely  in¬ 
hibits  oxygen  ui)take  in  a  dopa-tyrosinase 
system,  whereas,  the  rate  of  o.xygen  uptake 
in  a  tyrosine-tyrosinase  system  is  not  af¬ 
fected,  although  the  total  oxygen  u{)take  is 
diminished  by  approximately  30  per  cent. 
This  would  suggest  that  silver  interferes 
with  oxygen  ujitake  in  melanin  formation  at 
some  point  beyond  the  first  step  of  tyrosine 
to  dopa  oxidation.  This  is,  of  course,  likely, 
m  view  of  the  reactivity  of  silver  with  ortho- 
dihydro.xy  com[)ounds. 

F.  INHIBITORS  OF  MELANIN  FORM.XTION 

The  enzymatic  process  of  melanin  forma¬ 
tion  can  be  inhibited  by  a  number  of  in¬ 
hibitory  factors  acting  through  several 
mechanisms,  some  of  which  ha 
been  briefly  mentioned,  d'hese 
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factors  can  be  classified  into  the  following 
categories;  (1)  direct  enzyme  inhibitors  or 
j)oisons,  (2)  competitive  inhibitors,  {?>)  in¬ 
duction-period-prolonging  agents,  (4)  com¬ 
pounds  reacting  with  intermediates  in  the 
melanin-forming  chain  of  reactions,  (5)  re¬ 
ducing  agents,  and  (6)  inhibitors  of  largely 
unknown  modes  of  action.  Some  of  these 
inhibitors  have  been  shown  to  be  active  in 
vivo  as  well  as  in  vitro. 


1.  Direct  Enzyme  Poisons 

The  direct  enzyme  inhibitors  or  poisons 
act  either  by  inactivating  the  protein  com¬ 
ponent  of  the  enzyme  or  by  tying  up  its  es¬ 
sential  copper  component. 

a)  Protein  inactivators. — Among  factors 
affecting  the  protein  moiety  is  a  large  num¬ 
ber  of  nonspecific  protein  denaturants,  such 
as  excessive  heat,  strong  acids  and  bases, 
and  other  powerful  chemical  reagents.  Spe¬ 
cific  inactivation  of  the  protein  component 
of  tyrosinase,  however,  is  also  possible  by 
specific  tyrosinase  antibodies,  such  as  can  be 
produced,  for  example,  against  mouse  mela¬ 
noma  tyrosinase  by  injecting  it  into  rabbits 
(296).  Possibly  this  latter  mechanism  of  pig¬ 
ment  inhibition  can  account  for  leukoder¬ 
mas  associated  with  sympathetic  ophthal¬ 
mia  and  Vogt-Koyanagi  syndrome  (138), 
and  perhaps  speculations  can  even  be  made 
along  this  line  in  respect  to  vitiligo. 

b)  Copper-binding  Inhibitors 

that  inactivate  the  copper  component  of  the 
enzyme  have  been  much  more  e.xtensiv'ely 
studied  and  are  physiologically  of  much 
greater  importance.  Such  copper-binding 
agents  act  by  forming  weakly  dissociable 
complexes  with  this  metal.  Among  these 
substances  are  carbon  monoxide,  cyanide 
ion,  hydrogen  sulfide  (23),  and  many  organic 
sulfur  compounds,  most  of  which  have  re¬ 
active  sulfhydryl  groups.  Among  these  or¬ 
ganic  sulfur  compounds  are  diethyldithio- 
carbamate,  cysteine,  glutathione,  2,3-dithio- 
propanol  (BAL),  and  thiourea  and  its  de- 
m^atives,  such  as  phenylthiourea,  allyl- 

lourea,  a-naphthylthiourea,  and  thioura- 
cil  (Kv,  124,  14,  58,  218).  Although  the 
thioureas  do  not  contain  any  sulfhydrvl 
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groups,  an  isomeric  isothiourea  which  has  an 
active  sulfhydryl  group  is  formed  in  aqueous 
solutions  as  follows: 

NHo  NH 

C=S  ^  >  C-SH 

NH2  NH2 

The  thioureas  are  active  inhibitors  of  enzy¬ 
matic  melanin  formation  in  vivo  at  times  as 
well  as  in  vitro.  Among  lower  vertebrates 
thiouracil  inhibits  pigment  formation  in  the 
regenerating  tail  of  the  axolotl  (131). 

In  tissue  cultures  of  chick  melanocytes, 
pigment  granule  formation  was  inhibited  by 
phenylthiourea,  a-naphthylthiourea,  thio¬ 
uracil,  and  diphenylthiourea.  These  inhibi¬ 
tory  effects  were  reversed  by  adding  free 
iodine  or  dopa  to  the  cultures  (179). 

Among  mammals,  black  rats  fed  a-naph- 
thylthiourea  or  phenylcarbamide  show  gray¬ 
ing  of  hair  only  as  long  as  such  substances 
remain  in  the  diet  (234,  vS4).  In  man,  too, 
these  compounds  have  inhibited  pigment 
formation.  Thus  thiouracil  given  to  a  pa¬ 
tient  with  metastatic  malignant  melanoma 
stopped  the  associated  melanuria  (299). 
Also  a  Negro  patient  treated  with  thiouracil 
for  hyperthyroidism  was  reported  to  develop 
areas  of  depigmentation  (121).  Of  course, 
these  are  just  isolated  rej)orts,  and  depig¬ 
mentation  in  man  is  not  a  general  phenome¬ 
non  after  administration  of  thiouracil  or  its 
derivatives.  In  mice,  too,  the  administration 
of  several  thiourea  derivatives  in  massive 
doses  failed  to  inhibit  melanin  formation  in 
melanomas  (276). 

The  knowledge  that  the  natural  regula¬ 
tion  of  melanin  formation  may  depend  upon 
organic  sulfhydryl  compound  inhibition  of 
tyrosinase  came  about  in  the  following  man¬ 
ner.  First,  it  was  shown  that  crude  aqueous 
extracts  of  rabbit  or  guinea-pig  skin  could 
inhibit  the  oxidation  of  tyrosine  by  tyrosin¬ 
ase  (255,  256,  93).  Rothman  and  co-workers 
(249)  next  were  able  to  demonstrate  this  in¬ 
hibitory  factor  in  human  epidermis  as  well 
and  further  showed  that  its  inhibitory  ac¬ 
tion  could  be  released  by  specific  sulfhydryl 
poisons.  They  therefore  concluded  that  the 


inhibition  was  a  function  of  sulfhydryl  com¬ 
pounds  in  the  epidermis  and  proposed  the 
following  hypothesis  to  account  for  the 
natural  regulation  of  melanin  formation.  In 
melanocytes  both  substrate  and  active  en¬ 
zyme  are  present  but  are  unable  to  interact 
fully  because  of  the  inhibitory  action  of  the 
sulfhydryl  groups  also  present.  Pigmento- 
genic  stimuli,  such  as  sunshine.  X-rays,  heat, 
and  inflammatory  skin  diseases,  act  by  oxi¬ 
dizing  or  otherwise  destroying  the  inhibitory 
sulfhydryl  groups,  thus  permitting  the  en¬ 
zyme  to  act  freely  on  the  substrate.  Further¬ 
more,  nonpigmented  skin  capable  of  forming 
melanin  remains  nonpigmented  because 
sulfhydryl  com{)ounds  hinder  tyrosinase 
from  acting  fully  on  the  substrate. 

After  this  fruitful  hypothesis  was  pro¬ 
posed  in  1946,  several  lines  of  supporting 
evidence  were  brought  forth  by  Flesch.  The 
degree  of  inhibition  of  melanin  formation 
with  skin  extracts  varies  directly  as  the  loga¬ 
rithm  of  the  molar  concentration  of  sulfhy¬ 
dryl  (76).  If  the  shaved  skin  of  rabbits  is 
exposed  to ‘ultraviolet  radiation  in  vivo,  a 
potent  stimulus  to  melanin  formation,  there 
is  an  immediate  decrease  in  sulfhydryl  con¬ 
centration  in  the  skin  of  from  24  to  83  per 
cent  (76).  Epidermal  extracts  and  also  pure 
sulfhydryl  compounds  inhibit  not  only  the 
effect  of  tyrosinase  but  also  that  of  cupric 
ions  on  melanin  formation,  thus  indicating 
that  it  is  the  copper  moiety  of  the  enzyme 
that  is  kept  suppressed  by  the  sulfhydryl 
groups  (75). 

Brilliant  proof  that  tyrosinase  exists  in 
a  partially  inhibited  state  in  human  skin 
came  with  the  work  of  litzpatrick,  Becker, 
Lerner,  and  Montgomery  (74),  who,  as  pre¬ 
viously  mentioned,  demonstrated  histo- 
chemically  the  j^resence  of  tyrosinase  in  the 
epidermis  after  releasing  it  from  its  inhibited 
state  by  rej)eated  ultraviolet  irradiations. 
Fitzpatrick  further  showed  that  in  benign 
pigmented  lesions  tyrosinase  is  present  only 
in  an  inhibited  state,  while  in  many  malig¬ 
nant  melanomas  the  free  enzyme  can  be 
directly  demonstrated  (73). 

Recently  it  was  also  shown  that  hyper- 
pigmented  skin  in  postinflammatory  condi- 
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tions  has  about  half  the  sulfhydryl  content 
of  the  surrounding  skin  and  that  vitiliginous 
skin  has  about  twice  as  high  a  sulfhydryl 
content  (291).  At  least  two  interpretations 
were  suggested  for  the  latter  finding.  Either 
the  high  sulfhydryl  content  prevents  mela¬ 
nin  formation  by  inhibiting  tyrosinase  ac¬ 
tivity,  or  sulfhydryl  may  accumulate  sec¬ 
ondarily  because  no  melanin  is  being  formed 
— a  process  which  would  use  up  sulfhydryl 
groups.  Many  of  the  intermediates  in  the 
melanin-forming  chain  of  reactions  are 
known  to  react  with  such  groups. 

From  the  preceding  discussion  it  might 
appear  that  our  knowledge  about  the  nor¬ 
mal  regulation  of  melanin  formation  is  com¬ 
plete.  The  following  two  points,  however, 
have  not  yet  been  entirely  reconciled  with 
the  sulfhydryl  partial  enzyme  inhibition 
hypothesis.  First,  the  long  latent  period  of  1 
week  after  ultraviolet  irradiation  of  human 
skin  required  for  release  of  tyrosinase  ac¬ 
tivity  is  difficult  to  harmonize  by  the  theory 
with  the  immediate  drop  in  sulfhydryl  con¬ 
tent  that  has  been  observed  in  animals  after 
such  irradiation.  Of  course,  a  quantitative 
factor  might  be  involved  here,  and  possibly 
there  is  a  delayed  drop  in  sulfhydryl  content 
as  postinflammatory  hyperkeratin  ization 
from  such  irradiations  sets  in.  Second,  and 
perhaps  more  crucial,  is  the  repeated  failure 
to  date  to  show  directly  by  histochemical 
methods  that  specific  sulfhydryl  poisons, 
such  as  mercurials,  sodium  arsenite,  and 
iodoacetamide,  can  release  inhibited  tyro¬ 
sinase  activity  in  human  skin  (73,  171). 

2.  Competitive  Inhibitors 

To  return  to  the  outlined  general  cate¬ 
gories  of  melanin-forming  reaction  inhibi¬ 
tors,  the  second  classification  to  be  con¬ 
sidered  is  the  group  of  comiietitive  inhibi¬ 
tors.  These  are  chemical  compounds  which 
inhibit  enzyme  reactions  through  uniting 
with  the  enzyme  in  competition  with  the 
substrate,  thereby  preventing  the  formation 
o  an  enzyme-substrate  compound.  (Gen¬ 
erally,  true  competitive  inhibitors  have  two 
major  characteristics:  (1)  in  order  to  be  ef¬ 
fective,  the  inhibitor  must  be  present  in 
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much  greater  concentration  than  the  natu¬ 
ral  substrate,  and  (2),  by  adding  an  excess 
of  the  natural  substrate  to  the  system,  the 
inhibition  can  be  reversed.  Usually  there  is 
a  close  stereochemical  relationship  of  the 
competitive  inhibitor  to  the  natural  sub¬ 
strate. 

N-acetyl  tyrosine  has  clearly  been  shown 
to  be  a  competitive  inhibitor  in  the  tyrosine- 
tyrosinase  system,  and  it  is  probable  that 
the  other  previously  mentioned  inhibitory 
analogues  of  tyrosine,  such  as  3-amino,  3- 
fluoro,  and  N-formyl  tyrosines,  also  act  in 
this  way  (163).  In  vivo  tests  wdth  such  in¬ 
hibitors  have  not  been  reported  so  far.  It  is 
likely,  how^ever,  that  such  tyrosine  ana¬ 
logues  are  highly  toxic,  because  they  w'ould 
be  expected  to  interfere  with  other  vital 
functions  of  this  important  amino  acid. 

3.  Indiiction-Pcriod-prolonging  Factors 

Among  inhibitors  that  act  by  prolonging 
the  induction  period  of  the  tyro  sine- tyro¬ 
sinase  reaction  are  pH’s  above  7.5  (157). 
The  detergent  “Tween  20”  is  also  believed 
to  act  in  this  way  (157).  Changes  in  the  red¬ 
ox  potential  of  the  system  also  affect  the 
length  of  the  induction  period,  as  has  been 
previously  pointed  out.  Increasing  sodium 
chloride  concentrations,  wdiich  reportedly 
slow  tyrosine  to  melanin  oxidation  by  po¬ 
tato  tyrosinase,  also  probably  act  in  this 
manner. 

4.  Compounds  Reacting  with  Melanin 

Precursors 

Compounds  reacting  with  intermediates 
in  the  melanin-forming  reactions  are  of  con¬ 
siderable  interest.  I  undertook  a  study  (170) 
of  this  group  of  inhibitors  in  a  search  for 
substances  which  would  be  taken  up  selec¬ 
tively  and  ILxed  at  melanin-forming  sites. 
Such  substmices,  of  course,  could  serve  as 
keys-by  w'hich  selective  destruction  of  mela¬ 
nin-forming  cells  might  be  possible  in  a  fash¬ 
ion  analogous  to  radioactive  iodine  destruc¬ 
tion  of  thyroxine-producing  cells.  Sub¬ 
stances  combining  with  orthoquinones  or 
ordiodihydroxy  melanin  intermediates  com- 
pnse  this  group  of  inhibitors.  It  must  be 
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pointed  out  that  none  of  this  grouj)  of  in¬ 
hibitors  has  been  shown  to  have  in  vivo 
activity. 

Many  aromatic  amines  or  aniline  deriva¬ 
tives  (228,  157,  218,  181),  i.e.,  compounds 
with  an  amino  group  attached  to  a  benzene 
ring,  react  with  the  orthoquinone  inter¬ 
mediates  to  form  anilinoquinones.  However, 
the  inhibitory  action  of  these  aromatic 
amines  as  observed  under  actual  experi¬ 
mental  conditions  is  not  quite  so  simple,  as 
I  pointed  out  after  studies  on  oxygen  uptake 
in  mammalian  tyrosinase-tyrosine  systems 
with  such  amines  added.  Wide  differences  in 
oxygen-uptake  inhibiting  action  of  these 
compounds  were  noted.  Some,  such  as  ortho- 
aminobenzoic  acid,  failed  to  inhibit  at  all, 
whereas  the  isomeric  para-aminobenzoic 
acid  was  a  most  potent  inhibitor.  Para- 
phenylene  diamine  also  was  a  stronger  in¬ 
hibitor  than  orthophenylene  diamine.  There 
was,  in  addition,  evidence  that  the  latter 
prolonged  the  induction  period  for  tyro¬ 
sinase  action  and  also  that  copper  partially 
reversed  its  inhibitory  effect. 

It  had  been  suggested  in  the  past  that 
the  melanin-inhibiting  action  of  molybdates 
in  cattle  might  be  due  to  the  affinity  of  mo¬ 
lybdenum  for  orthodihydro.xy  compounds 
(69).  However,  as  will  be  discussed,  it  is 
more  probable  that  molybdenum  acts  by 
interfering  with  copper  metabolism. 

5.  Reducing  Agents 

Ascorbic  acid  is  perhaps  most  important 
among  inhibitors  of  the  general  class  of  re¬ 
ducing  substances  (218,  258,  280,  1,  257, 
103).  Although  ascorbic  acid  enhances  the 
transformation  of  tyrosine  to  dopa  by  ultra¬ 
violet  radiation,  it  prevents  further  oxida¬ 
tion  to  doi)a-quinone  by  its  reducing  action 
(242).  It  can  also  reduce  oxidized  dark  mela¬ 
nin  to  its  lighter  reduced  form  (242).  Hydro- 
quinone,  its  derivatives,  and  analogous  com- 
I)Ounds  also  act  as  inhibitors  in  vitro,  in  part, 
at  least,  because  of  their  reducing  action. 
Ascorbic  acid  has  been  noted  U)  decrease  the 
j)igmentation  in  Addison’s  disease  (2,  302, 
281)  and  on  local  injection  in  high  concen¬ 
tration  to  prevent  sun-tanning  (300). 


6.  Incompletely  Understood  Inhibitors 

Among  inhibitors  of  unknown  mode  of 
action  are  pentachlorinated  naphthalenes, 
hydroquinone  and  its  monobenzyl  ether, 
and  />-hydro.xyproi)iophenone.  The  depig- 
menting  actions  of  the  pentachlorinated 
naphthalenes  and  the  monobenzyl  ether  of 
hydroquinone  (Agerite  alba)  were  first  en¬ 
countered  in  workers  exposed  industrially  to 
these  substances.  The  jientachlorinated 
naphthalenes  are  used  as  cable  insulators. 
Cotter  (47)  reported  many  cases  of  derma¬ 
titis  followed  by  leukoderma  among  workers 
handling  this  material.  Several  fatal  cases  of 
toxic  liver  disease  also  occurred  among  such 
workers.  No  attempts  have  been  made  thus 
far  to  analyze  the  mode  of  action  of  the  com- 
])ounds.  In  view  of  the  dermatitis  preceding 
the  leukoderma,  the  latter  may  simjily  rep¬ 
resent  a  type  of  postinflammatory  depig¬ 
mentation. 

Leukoderma  from  monobenzyl  ether  of 
hydroquinone  was  noticed  by  Oliver  el  at. 
(214,  259)  in  the  course  of  their  investigation 
of  occupational  leukoderma  in  tannery  work¬ 
ers  wearing  rubber  gloves  made  of  rubber 
containing  Agerite  alba  as  an  antioxidant. 
Since  then,  numerous  cases  of  leukoderma 
from  contact  with  this  comjiound  have  been 
recorded  (15,  169,  270),  and  attempts  have 
been  made  to  use  this  agent  as  a  topical 
bleaching  agent  in  various  melanodermic 
disturbances  (72,  53).  As  is  the  case  with  the 
pentachlorinated  naphthalenes,  Agerite  alba 
is  a  potent  sensitizing  agent,  and  contact 
dermatitis  has  frequently  preceded  the  leu¬ 
koderma.  Some  observers  (15),  in  fact,  sug¬ 
gest  that  leukoderma  from  this  substance 
simply  represents  a  type  of  postinflamma¬ 
tory  dej)igmentation,  with  the  preceding 
dermatitis  in  some  cases  being  scarcely 
noticed.  It  is,  of  course,  well  knowm  that 
leukoderma  may  follow  very  trivial  inflam¬ 
matory  processes,  especially  in  dark-skinned 
races. 

Many  attemi)ts  to  analyze  the  mecha¬ 
nism  by  which  this  compound  causes  de¬ 
pigmentation  have  been  made.  Early  work 
with  patch  tests  indicated  that  an  average 
of  27  days  was  required  after  initial  contact 


$ 

before  leukoderma  became  evident  and  that 
in  a  majority  of  cases  i)igment  returned  only 
after  many  months  (214).  The  depigmented 
areas,  on  histologic  examination,  contained 
no  dopa-positive  cells.  Animal  e.xperiments 
and  in  vitro  studies  on  this  compound  were 
first  carried  out  by  Peck  and  Sobotka  (223). 
They  were  able  to  produce  local  depigmen¬ 
tation  in  guinea  j)igs  with  the  substance  but 
found  it  ineffective  by  oral  administration.'' 
In  vitro  they  noted  that  tyrosine  or  dopa 
oxidation  in  its  j)resence  did  not  proceed  to 
melanin  but  rather  led  to  the  formation  of  a 
soluble  red  substance.  Later  it  was  found 
that  this  red  substance  is  an  oxidation 
product  of  monobenzyl  ether  of  hydroqui- 
none  brought  about  by  tyrosinase  (15vl).  I 
showed,  further  (170),  that  tyrosine  oxida¬ 
tion  by  melanoma  tyrosinase  was  stoj)ped  in 
the  presence  of  this  compound  prior  to  the 
formation  of  indole  derivatives;  that  the  in¬ 
duction  period  of  tyrosinase  action  was 
shortened;  that  it  was  not  a  true  com[)eti- 
tive  inhibitor  of  tyrosine  oxidation  or  a 
direct  enzyme  poison;  and  that  it  did  not 
interfere  with  oxygen  uptake  in  enzymatic 
dopa  oxidation.  Denton,  Lerner,  and  Fitz¬ 
patrick  (53)  have  confirmed  these  in  vitro 
observations. 

These  in  vitro  e.xperiments  still  leave  un- 
e.xplained  the  action  of  monobenzyl  ether  of 
hydroquinone  in  vivo,  esi)ecially  as  regards 
the  prolonged  duration  of  the  leukoderma 
after  exposure  to  the  substance  is  discon¬ 
tinued.  This  would  either  suggest  some  indi¬ 
rect  antien/.yme  action  or  support  the  post- 
inflammatory  depigmentation  concept. 

Hydroquinone  by  oral  administration  has 
been  reported  to  cause  dejiigmentation  in 
cats,  rats,  and  mice  (213,  180),  which  is 
reversed  after  discontinuance  of  hydroqui¬ 
none  feeding.  Rothman  was  not  able  (246)  to 
confirm  this  finding  in  cats.  The  closely  re¬ 
lated  parahydroxypropioi)henone  (53,  104) 
has  also  been  reported  to  be  caj)able  of  j)ro- 
ducing  leukoderma  in  a  fashion  similar  to 

4.  Denton  and  Lerner,  however,  claim  that  de- 
pigmentalion  in  animals  can  he  jiroduced  by  oral 
admmislralion  of  this  compound  (53). 
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hydroquinone.  Some  pituitary-inhibiting 


action  has  been  ascribed  to  this  compound, 
which  acts  against  pigmentation  only  via 
systemic  administration. 

The  mechanisms  by  which  nitrogen 
mustards  (144)  and  ionizing  radiations,  such 
as  X-rays  (57,  41,  42),  cause  local  depig¬ 
mentation  are  also  incompletely  understood. 

G.  MFX.XNURI.A 

In  patients  with  metastatic  melanoma  it 
is  well  known  that  melanuria  and,  rarely, 
generalized  melanosis  may  occur  (154,  293, 
51,  56,  21,  212,  288,  236).  In  melanuria, 
colorless  or  lightly  colored  melanin  pre¬ 
cursors  are  excreted  in  the  urine,  which,  on 
oxidation,  yield  a  dark  precipitate.  Early 
tests  for  melanuria  were  based  on  the  addi¬ 
tion  of  oxidizing  agents,  such  as  ferric 
chloride  or  bromine,  to  urine  and  looking  for 
the  appearance  of  a  black  i)recipitate. 

Melanuria  comes  about  because  exten¬ 
sive  melanotic  tumors  {)roduce  such  great 
amounts  of  tyrosine  oxiflation  products  that 
some  of  them,  like  5,6-dihydro.xyindole,  spill 
over  into  the  general  circulation  and  are 
excreted  in  the  urine.  (Occasionally  these 
circulating  o.xidation  products  of  t3Tosine 
may  be  oxidized  to  melanin  in  other  tissues 
and  thus  account  for  the  generalized  intense 
melanosis  that  sometimes  occurs. 

Linnel  and  Raper  (168)  in  1935  re{)orted 
that  the  melanogen  in  the  urine  of  a  patient 
with  metastatic  melanoma  with  melanuria 
was  actually  a  simj)le  derivative  of  5,6-di¬ 
hydro.xyindole.  Feeding  of  indoles  not  sub¬ 
stituted  in  the  jiyrrole  ring  has  been  seen  to 
cause  true  melanuria,  whereas  substituted 
indole  compound  feeding  leads  rather  to  the 
excretion  of  indo.xyl  and  indican  (30). 

Rothman  (245)  in  1942  showed  that  in¬ 
dole,  indican,  and  urinary  melanogen  could 
be  differentiated  on  the  basis  of  Herter’s  and 
Thormahlen’s  tests  for  indole.  The  latter 
incidentally,  was  found  fifty  times  as  sensi¬ 
tive  for  melanogen  in  urine  as  were  the 
oxidation  methods.  Indican  gave  negative 
reactions  to  both  tests,  indole  gave  positive 
reactions  to  both,  while  the  melanogen  gave 
a  negative  Herter’s  test  and  a  positive 
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Thormahlen  test.  White  (299)  has  more  re¬ 
cently  devised  a  quantitative  modification 
of  the  Thormahlen  procedure  for  accurately 
measuring  the  amount  of  melanogen  ex¬ 
creted  in  the  urine. 

Early  reports  of  melanuria  occurring  in 


conditions  other  than  metastatic  melanoma 
(225,  110)  are  open  to  question  because  they 
are  all  based  on  simple  oxidation  tests  for 
melanogen  and  many  substances  other  than 
true  melanogen  can  react  positively  to  such 
tests. 


F.c  6 -Separated  epidermis  from  white  human  skin;  dermal  surface,  showing  nonpigmented  melano. 
cytesTdopa  stain  Tom  Becker,  Fitspalrick,  and  Montgomery  (9).  (Reproduced  by  perm, ss, on  of  Dr.  Beck- 
er  and  the  .\merican  Medical  Association.) 


IV.  BIOLOGY  OF  DENDRITIC  MELANOCYTES 


A.  ANATOMICAL  AND  EMBRYOLOGICAL 
CONSIDERATIONS 

In  all  vertebrates  melanin  formation  is 
believed  by  most  observers  to  take  place 
primarily  in  specialized  dendritic  cells  called 
“melanocytes.”^  In  human  skin,  melano¬ 
cytes  appear  in  haematoxylin-eosin-stained 

sections  as  regularly  distributed  dear  cells  m 
the  basal  layer  of  the  epidermis  (Iig.  /)• 
Under  special  circumstances  the  dendritic 
nature  and  melanin-forming  capacity  ot 


these  clear  cells  becomes  apjiarent,  and,  fur¬ 
thermore,  it  can  be  shown  that  they  inter 
connect  via  their  dendrites  to  form  a  semi¬ 
syncytium  (18,  17,  9).  These  features  are 
especially  evident  in  skin  that  has  been  ex- 


5.  The  melanocyte  was  defined  as  the  iK)rmal 
mmalian  melanin-forming  cell  at  a  meeting  on 
nenclature  during  the  Third  Conference  on  the 
ilogy  of  Normal  and  Atypical  Pigment  Cell 
:j\vth  in  November,  1951,  in  New  York  (96).  I  re- 
usly  these  cells  were  commonly  called  “melano- 
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j)osed  to  i^igmentogenic  stimuli,  such  as 
ionizing  radiations,  and  if  staining  technics 
like  the  dopa  procedure  or  acid  gold  chloride 
are  used  on  sections  cut  parallel  to  the  skin 
surface  (221).  Api)arently,  there  is  more 
branching  of  these  cells  in  a  tangential,  than 
in  a  perpendicular,  direction  (Fig.  6).  That 
the  clear  cells  or  melanocytes  are  hydrated 
to  a  greater  degree  than  their  neighboring 
basal  cells  is  indicated  by  their  greater 
susceptibility  to  destruction  by  freezing 
(283)  and  also  by  the  fact  that  their  charac- 


laden  with  granules  of  melanin,  and  such 
granules  may  be  scattered  upward  through¬ 
out  the  entire  epidermis  and  may  even  fill 
macrophages  in  the  upper  corium. 

Although  most  observers  agree  that  dopa- 
jwsitive  clear  cells  or  dendritic  melanocytes 
are  major  sites  of  active  melanin  formation, 
the  neural-crest  origin  of  these  cells  in  man 
and  explanations  for  the  appearance  of  the 
majority  of  melanin  granules  in  the  palisade 
basal  cells  have  been  subjects  of  dispute. 
Early  observers  (221)  considered  the  dopa- 


Fig.  7.-Section  of  human  skin,  showing  clear  cells  in  the  basal  layer 


teristic  clear  appearance  is  chiefly  the  result 
of  cytoplasmic  pseudo-vacuole  formation, 
an  artifact  caused  by  shrinkage  of  the  cyto¬ 
plasm  during  the  ])rocess  of  fixation.  Pos¬ 
sibly  the  increased  selective  destructibility 
of  melanocytes  by  the  very  short-lasting  in¬ 
tense  heat  associated  with  atomic-bomb 
flash  burns  (166)  can  also  be  related  to  the 
increased  hydration  of  these  cells. 

In  routine  microscopic  cross-sections  of 
human  skin,  most  melanin  granules  ordi¬ 
narily  appear  as  if  clustered  above  the  nuclei 
of  the  palisade  basal  cells  rather  than  in  the 
dopa-positive  melanocytes.  In  deeply  pig¬ 
mented  skin  all  the  basal  cells  ajijiear  heavily 


positive  dendritic  cells  to  be  merely  basal 
cells  in  a  special  phase  of  active  pigmento- 
genesis  ami  that,  under  suitable  stimuli, 
basal  cells  which  ordinarily  were  only  weak¬ 
ly  dopa-positive,  if  at  all,  became  strongly 
do[)a-positive,  transformed  into  dendritic 
cells,  and  actively  produced  melanin.  By 
this  theory,  all  basal  cells  could  potentially 
lorm  melanin,  and  there  was  no  particular 
problem  involved  in  explaining  the  presence 
ot  large  amounts  of  pigment  in  the  basal 
cells,  borne  early  observers  (3,  24)  even 
denied  tlie  reality  of  the  dendritic  proc¬ 
esses,  merely  considering  them  to  represent 
streams  ot  free  intercellular  pigment.  Recent 
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tissue-culture  studies,  however,  of  lish, 
mouse,  and  human  melanomas  have  clearly 
proved  the  reality  of  the  dendritic  processes 
of  melanocytes  (d8)  (Fig.  8). 

.A.S  later  careful  embryologic  ablation  and 
transplantation  experiments  ujdield  the 
neural-crest  origin  of  melanin-forming  cells 
in  amphibians  and  birds  and  strongly  sup¬ 
ported  a  similar  derivation  in  mice  (60,  233, 
123),  further  attempts  to  account  for  the 
distribution  of  melanin  were  made.  Masson 
(188)  postulated  that  the  basal  layer  con¬ 
sisted  of  two  distinct  types  of  cells — the 
clear  cells  of  neuroectodermal  origin  and  the 


tion,  in  that  the  product  formed  is  passed 
into  other  cells  rather  than  to  the  exterior  or 
into  vascular  channels.  In  strong  support  of 
the  cytocrine  theory,  Masson  cited  observa¬ 
tions  that  when  cancer  cells,  such  as  those  of 
mammary  or  even  of  digestive-tract  origin, 
invade  the  epidermis,  they  occasionally 
seem  to  become  stuffed  with  melanin  gran¬ 
ules.  Sometimes  even  deeper  portions  of  the 
tumor  and  its  stroma  become  similarly  mel- 
anized,  and  this  he  presented  as  evidence  for 
a  potential  motile  property  of  melanocytes. 

S.  W.  Becker,  Jr.,  et  at.  (9)  have  recently 
brought  forth  evidence  challenging  even  the 


Pig  8  _/  photograph  of  a  small-tvpe  melanohlast  from  a  living  culture  of  human  melanoma.  The  mel¬ 
anin  granules  are  sparsely  distributed  in  the  dendrites.  2,  Large-type  melanohlast  (dopa-treated)  from  a  cul¬ 
ture  of  Harding- Passey  mouse  melanoma.  The  branching  dendrites  are  tilled  with  melanin  ftrf'iules,  „i  g 
them  a  varicosf  ap,)earance.  From  Grand  and  Cameron  (98).  (Reproduced  by  permission  of  the  New  ^  ork 

.Veademy  of  Sciences.) 


regular  palisade  epidermal  basal  cells.  He 
further  revived  and  extended  earlier  con¬ 
cepts.  In  these  concepts  it  was  postulated 
that  the  dendritic  cells  or  melanocytes  were 
the  sole  source  of  melanin  granules  and  that 
these  cells  inoculated  melanin  granules,  via 
their  dendrites,  into  surrounding  cells  with 
which  they  came  into  contact.  Earlier  work¬ 
ers  cited  by  Masson  observed  convincing 
evidence  for  such  an  inoculation  function, 
jiarticularly  in  developing  bird  feathers,  in 
fish  and  amphibian  epidermis,  and  in  the 
human  hair  root.  Steamer  (273),  m  fresh  y 
prepared  frog  skin,  has  even  directly  ob¬ 
served  such  transfer  of  pigment  granules 
from  melanocytes  into  ejiidermal  cells.  Mas¬ 
son  called  this  cellular  melanin  secretory 
iirocess  “cytocrine,”  because  it  differs  from 
both  exocrine  and  endocrine  types  of  secre- 


fundamental  observation  that  melanin  gran¬ 
ules  are  situated  within  basal  cells.  They 
claim  that  this  ajipearance  is  illusory  and 
that  the  pigment  is  really  in  the  ends  of 
dendritic  cell  processes  that  essentially  form 
a  sheath  surrounding  each  basal  cell. 

B.  NATURE  OF  MEL.\NIN  GR.ANULES 

Melanin  granules,  as  they  occur  in  mam¬ 
malian  pigment  cells,  are  specific  structures 
with  some  rather  unusual  attributes  instead 
of  being  merely  amorphous  chunks  of  mela¬ 
nin.  .\mong  several  lines  of  evidence  whic  i 
support  this  view  are  results  of  electron 
microscopy  of  melanin  granules  obtained  by 
differential  centrifugation  from  mouse  mela¬ 
nomas,  beef  eyes,  and  colored  human 
skin  (185).  In  all  instances  these  melanin 
granules  were  revealed  to  be  formed  ele- 
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ments  having  characteristic  uniform  round¬ 
ed  shapes  for  each  particular  source,  and  to 
be  approximately  O.d  /x  in  diameter  (I’ig.  9). 
In  addition,  naturally  occurring  mammalian 
melanin  can  be  shown  chemically  to  be  com¬ 
bined  with  a  protein,  a  ])seudo-globulin  with 
antigenic  ])roi)crties  and  with  a  minimum 


such  a  melanin  pseudo-globulin,  which  can 
be  extracted  from  mouse  melanomas,  is 
progressively  digested  by  j)ancreatin,  the 
sulfur  content  of  the  protein  remaining  at¬ 
tached  to  the  melanin  moiety  increases. 
This  has  been  interj)reted  to  mean  that  the 


l|y  chromamgraphy.  ((;„|,1  shadowed  at  an  angle  fingenl  of  ai  ^  melanoma  obtained 

<liameter.)  I.’rom  V.  Riley,  (i.  Hobby,  and  1).  Burk  ‘  I’articles  ().,M).4  m  in 

lion,  enhancement  and  chromatographic  separation’  enzymes  ol  mouse  melanomas:  their  inhibi- 
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melanin  is  attached  to  the  protein  by  sulfur 
linkages  (100). 

Furthermore,  Stary  (272)  has  extensively 
studied  another  melanoprotein  obtained  by 
treating  dark  hair  with  dilute  sodium  sulfide. 
This  material  remains  indigestible  to  tryp¬ 
sin,  whereas  a  leukokeratin  extracted  in  the 
process  becomes  trypsin-digestible.  This 
work  indicates  that  the  resistance  of  this 
'type  of  melanoprotein  to  trypsin  is  not 
based  on  the  presence  of  disulfide  bonds 
(p.  356)  but  rather  on  the  presence  of  mela¬ 
nin  which  may  cross-link  polypeptide  chains 
in  similar  fashion.  This  cross-linking  function 
of  melanin  or  its  precursors  might  account 
for  the  well-known  greater  resistance  of 
deeply  pigmented  skin  to  external  irritants. 

As  further  evidence  of  their  specific  struc¬ 
tural  nature,  melanin  granules  isolated  from 
mouse  melanomas  have  been  shown  to  have 
a  considerable  nucleic  acid  content  (307).  On 
alkaline  hydrolysis,  such  granules  yield  solu¬ 
tions  which  contain  organic  phosphorus  and 
pentose  and  which  show  strong  ultraviolet 
light  absorption  at  2580  A  (307).  Several  en¬ 
zyme  activities  have  also  been  demon¬ 
strated  on  such  granules,  which  have  been 
concentrated  by  chromatographic  adsorp¬ 
tion  of  melanoma  homogenates  on  celite 
columns  (235),  with  subsequent  elution  by 
saline  solutions.  These  enzyme  activities  in¬ 
clude  the  aerobic  cytochrome  oxidase  and 
succinic  oxidase  systems  and  anaerobic 
glycolytic  activities.  Besides  these  banal 
enzymes,  the  unique  copper-containing  en¬ 
zyme,  tyrosinase  (or  dopa  oxidase),  is  pres¬ 
ent,  which  is  responsible  for  the  melaniza- 
tion  of  the  granules.  On  the  basis  of  these 
morphological,  chemical,  and  enzymatic  ob¬ 
servations,  melanin  granules  have  been  con¬ 
sidered  to  be  mitochondria,  which  are  dif¬ 
ferent  from  other  mitochondria  only  in 
possessing  the  additional  pigmentogenic  en¬ 
zyme,  tyrosinase,  which  brings  about  the 
oxidation  of  tyrosine  to  melanin. 

C.  PHENOMENON  OF  PIGMENT  SPRE.4D 

If  melanin  granules  are  truly  mitochon¬ 
dria,  they  should  exhibit  other  outstanding 
properties  of  these  fundamental  cellular 


particles,  namely,  self-duplication  and  an 
independent  hereditary  system.  The  terms 
“plasma-genes”  or  “chondriogenes”  have 
been  applied  to  hereditary  factors  residing  in 
mitochondria.  That  melanin  granules  have 
these  additional  properties  is  illustrated  par¬ 
ticularly  well  by  the  phenomenon  of  pigment 
spread.  This  phenomenon  has  been  known 
for  more  than  fifty  years  but  has  been  espe¬ 
cially  studied  in  the  last  fifteen  years  by 
Lewin  and  Peck  (165)  and  by  Billingham 
and  Medawar  (19,  20).  It  is  seen  in  black 
and  white  animals,  such  as  recessively 
spotted  guinea  i)igs,  when  black  skin  from  a 
black  patch  is  transplanted  into  a  white 
area.  Under  these  conditions  there  results  a 
slow  extension  or  spread  of  the  pigment  into 
the  surrounding  white  area  from  the  dark 
graft.  Similarly,  if  a  white  graft  is  placed  in 
black  skin,  pigment  spreads  from  the  pe¬ 
ripheral  black  area  into  the  white  area. 
Billingham  and  Medawar  recently  inter¬ 
preted  this  phenomenon  as  an  “infective” 
spread  of  mitochondrial  self-duplicating  pig¬ 
ment  granules  into  colorless  melanocytes  in 
the  white-skin  areas  via  the  “cytocrine”  ac¬ 
tivity  of  the  melanocytes.  They  have  dem¬ 
onstrated,  by  acid  gold  chloride  staining,  the 
anatomic  presence  of  a  partially  syncytial 
web  of  such  nonpigmented  dendritic  cells  in 
the  white  areas  of  skin  and,  furthermore, 
that  it  is  these  cells  which  become  “in¬ 
fected”  with  melanin  granules  and  that  it  is 
within  them  that  these  granules  multiply 
and,  in  turn,  spread  farther  to  “infect” 
adjacent  “white  melanophores.”  That  the 
pigment  involved  in  pigment  spread  is  the 
result  of  a  self-duplication  process  is  indi¬ 
cated  by  experiments  in  which  the  anti- 
genically  foreign  nature  of  this  pigment  can 
be  shown.  In  these  experiments,  pigment 
spread  is  induced  by  a  special  transplanta¬ 
tion  technic,  using  a  suspension  of  black- 
skin  basal  layer  from  one  animal  which  is 
then  inoculated  into  the  white  skin  of  an¬ 
other  animal.  Under  these  circumstances  the 
new  j)igment  formed  can  be  abolished  b}- 
transplanting  normal  skin  from  the  original 
donor  animal  to  the  recipient  in  which  the 
pigment  spread  had  occurred.  This  abolition 
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of  the  pigment,  according  to  Billingham  and 
Medavvar,  is  the  result  of  the  active  im¬ 
munization  of  the  recipient  to  the  donor  skin 
antigen.  The  new  jugment  formed,  being 
antigenically  of  the  donor  type,  is  believed 
to  be  susceptible  to  destruction  when  active 
immunity  induced  in  the  recipient  becomes 
sufficiently  great. 

Whether  the  phenomenon  of  jiigment 
spread  occurs  in  human  skin  is  not  entirely 
clear.  Peck  (222)  states  that  hyperpigmenta¬ 
tion  has  been  observed  in  the  vicinity  of 
human  skin  grafts  from  this  mechanism  and 
that  it  can  lead  to  serious  cosmetic  defects. 
On  the  other  hand,  Haxthausen  (120)  re¬ 
ported  on  transidantation  experiments  in 
vitiligo  and  congenital  lentigo  where  the 
phenomenon  did  not  occur.  In  the  case  of 

V.  NUTRITION.XL  F.VC'FORS 

Nutritional  deficiencies  of  several  sorts 
have  been  associated  with  either  deficient  or 
excessive  melanin  pigment  formation  in  sev¬ 
eral  animal  species  as  well  as  in  man.  Frost 
(83)  reviewed  this  subject  thoroughly  in 
1948.  The  nutritional  factors  influencing 
melanin  formation  can  be  classified  into 
three  major  groups:  (1)  trace  metals,  (2) 
amino  acids,  and  (3)  vitamins. 

A.  TRACE  METALS 

Among  trace  metals,  coi)j)er  is  of  j)rime 
importance,  as  was  brought  to  light  by  Keil 
and  Nelson  in  1931  (141)  while  they  were 
studying  copper  deficiency  in  rats  produced 
by  feeding  milk  diets.  Besides  their  develojv 
ing  anemia,  the  hair  of  these  animals,  as  it 
grew,  became  gray.  After  2  months  of  suj)- 
plementation  of  this  diet  with  only  traces  of 
copper,  pigment  again  was  formed  in  the 
growing  hairs.  "1  his  work  in  rats  has  since 
been  confirmed,  and  coi)[)er-deficiency  gray¬ 
ing  has  also  been  noted  in  rabbits  (268),  cats 
(97),  and  cattle  (267).  In  rabbits  fed  coi)per- 
deficient  milk  diets  supplemented  with  iron 
It  is  of  interest  that  not  only  achromotrichia 
but  hair  loss  and  scaly  dermatosis  also  de¬ 
veloped,  which  could  be  reversed  by  copper 
administration.  The  diminished  melanin 


lentigo,  the  grafts  of  pigmented  skin  to 
normal  skin  and  of  normal  skin  to  lentigo- 
involved  areas  both  remained  completely 
unchanged  and  did  not  cause  alterations  in 
the  surrounding  skin.  Furthermore,  in  viti¬ 
ligo  the  transplants,  whether  from  pig¬ 
mented  to  nonpigmented  skin  or  vice  versa, 
always  took  on  the  characteristics  of  the 
area  in  which  the  graft  was  placed.  Thus 
normally  pigmented  skin  became  depig- 
mented  when  placed  in  a  vitiliginous  area 
and  depigmented  skin  became  repigmented 
when  placed  in  a  normal  area.  These  ob¬ 
servations  of  Haxthausen  in  vitiligo  were 
confirmed  by  similar  experiments  done  by 
others  (45).  Haxthausen  interpreted  his 
findings  as  suggestive  of  a  neurotrophic  basis 
for  vitiligo. 

IN  MELANIN  F()RM.\TION 

pigmentation  in  copj)er  deficiency  is  most 
easily  understood  in  terms  of  the  necessity 
of  copper  for  tyrosinase  activity.  However,  a 
recent  claim  that  copper-deficiency  depig¬ 
mentation  in  mice  can  be  reversed  with 
l)antothenic  acid  (264)  adds  a  confusing  ele¬ 
ment  to  the  i)icture.  This  could  be  under¬ 
stood,  however,  in  terms  of  the  suggestion 
that  pantothenic  acid  might  be  involved  in 
the  linkage  of  copper  to  tyrosinase  (264). 
This  suggestion  fits  in  with  the  observation 
of  Hundley  and  Ing  (126)  that  copper  can 
accumulate  in  the  skin  of  rats  showing  gray¬ 
ing  from  pantothenic  acid  deficiency  with¬ 
out  activating  melanin  formation. 

It  is  more  difficult  to  interpret  the  re¬ 
ported  loss  of  pigment  in  rats  in  acute  zinc 
deficiency,  which  is  reversible  by  minute 
amounts  of  zinc  added  to  the  diet  (274).  In 
this  connection,  however,  it  is  interesting  to 
note  that  zinc  is  i)resent  in  considerable 
amounts  in  hair  (175)  and  also  that  there 
have  been  recent  discoveries  of  relatively 
large  amounts  of  zinc  in  association  with 
melanin  in  the  pigment  fraction  of  mam¬ 
malian  eye  tissues  (32).  In  fact,  ten  times  as 
much  zinc  as  copiier  was  found.  Calcium 
magnesium,  and  barium  were  also  present’ 
I  he  concentration  of  these  elements  in  the 
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melanin  pigment  fraction  suggests  that  the  augments  the  return  of 


pigment  is  a  potent  chemical  chelating 
agent  (organic  metal  complexing  agent). 

The  depigmentation  associated  with  diar¬ 
rhea  and  emaciation  in  cattle,  re])orted  by 
Muir  (205)  to  be  caused  by  chronic  excessive 
molybdenum  intake,  is  probably  related  to 
an  interference  by  molybdenum  with  cojiper 
metabolism,  because  adding  copper  to  the 
diet  cures  the  syndrome.  Comar  (44)  has 
further  shown  by  radioactive  isotope  studies 
that  molybdenum  decreases  the  storage  of 
copper  by  the  liver. 

Thallium  has  also  been  reported  to  cause 
graying  of  black  rats  (102). 

Some  trace  metals,  when  present  in  exces¬ 
sive  amounts  in  the  skin,  are  often  asso¬ 
ciated  with  increased  melanin  formation. 
These  include  iron,  silver,  gold,  bismuth, 
and  arsenic  (216).  Most  of  these  gain  access 
to  the  body  in  excessive  amounts  via  me¬ 
dicaments.  It  has  been  postulated  that  these 
metals  cause  melanosis  by  binding  tissue 
sulfhydryl  groups,  which  normally  keep 
tyrosinase  in  a  partially  inhibited  state 
(157),  as  has  already  been  pointed  out.  The 
locally  j)recipitated  metals  or  metal  com¬ 
pounds  also  contribute  to  the  dark  color  of 
the  skin. 

B.  AMINO  .VCIDS 

4'he  amino  acid  and  [irotein  requirements 
for  normal  melanin  formation  have  not  been 
very  thoroughly  studied.  Amino  acids,  how¬ 
ever,  are  needed  for  melanin  formation,  not 
only  as  a  tyrosine  substrate  for  enzyme  ac¬ 
tion  but  also  as  necessary  components  of 
enzyme  protein.  Hartwell  (116)  in  192vS  first 
suggested  that  protein  and  especially  tyro¬ 
sine  or  tryi^tojihane  deficiency  might  {)lay  a 
role  in  the  graying  of  rats  on  a  diet  of  bread, 
milk,  and  kitchen  scraps  which  could  be 
corrected  by  **food  casein.  I  hese  early  ex- 
jieriments,  however,  are  not  reiiorted  in  suf¬ 
ficient  detail  to  render  it  certain  that  min¬ 
eral  or  vitamin  deficiency  corrections  may 

not  have  been  involved. 

Another  facet  in  the  amino  acid  [iicture  is 
the  report  that  cystine  added  to  the  diet  of 
{lantothenic  acid-  and  cystine-deficient  rats 


cium  pantothenate  is  given  (220).  That 
lysine  may  also  be  implicated  is  suggested 
by  the  report  of  deficient  feather  jiigmenta- 
tion  in  bronze  poults  on  a  high  vegetable 
jirotein  diet,  which  was  reversed  by  adding 
lysine  (82).  That  tyrosine  deficiency  may 
result  in  deficient  melanin  production  has 
been  hypothesized  by  Lerner  and  Fitzpat¬ 
rick  (157)  to  explain  the  light  skins  and  de¬ 
ficient  sun-tanning  ability  of  individuals 
with  phenylpyruvic  oligophrenia.  In  this 
rare,  recessiv^ely  inherited  disease,  a  bio¬ 
chemical  metabolic  anomaly  exists  so  that 
normal  hydroxylation  of  phenylalanine  to 
tyrosine  cannot  occur.  These  individuals  are 
therefore  entirely  dependent  on  dietary  ty¬ 
rosine  intake  for  this  amino  acid.  They  ex¬ 
crete  phenylpyruvic  acid  in  the  urine  and 
have  high  levels  of  phenylalanine  and  low 
levels  of  tyrosine  in  the  blood  (155). 

A  number  of  severe  nutritional  deficiency 
states  have  been  reported  to  be  associated 
with  graying  of  hair  in  children  of  colored 
races  from  Malaya  (208),  Costa  Rica  (224), 
and  South  Africa  (505).  These  have  been 
rejiorted  under  various  names,  such  as 
“kwashiorkor”  (5),  “infantile  pellagra’  (91, 
287),  and  “malignant  malnutrition”  (208, 
92).  Protein-deficiency  edema  generally  ac¬ 
companies  these  syndromes,  which  are  often 
fatal  if  untreated  l)ut  which  are  readily 
cured  by  adequate  diets.  Whether  the  achro- 
motrichia  results  from  vitamin,  protein,  or 
mineral  deficiencies  has  not  yet  been  clari¬ 
fied.  Vitamins  alone,  however,  fail  to  cure 
the  syndrome. 

This  particular  deficiency  disease  is  the 
one  instance  where,  regularly,  gray  hair  m 
man  can  be  reversed  by  nutritional  factors. 
In  contrast,  there  is  a  vast  array,  as  will  be 
pointed  out,  of  animal  exfieriments  in  which 
such  factors  can  be  demonstrated.  Cer¬ 
tainly,  the  ordinary  graying  of  human  hair 
has  never  been  consistently  reversed  by  die¬ 
tary  manipulation,  including  administration 
of  all  known  vitamins.  Administration  to 
man  of  jiara-aminoben  oic  acid  in  huge  doses, 
however,  has  been  rejiorted  to  cause,  on  oc¬ 
casion,  return  of  jiigment  to  gray  hair  (511). 
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C.  VITAMINS 

As  concerns  vitamins,  two  indejiendent 
reports  (198,  172,  173)  ajijieared  in  1938, 
noting  the  graying  of  rats  maintained  on 
synthetic  diets  deficient  in  only  the  filtrate 
factors  of  the  vitamin  H  complex,  which  are 
factors  other  than  thiamine,  riboflavin,  and 
pyridoxine  and  are  not  adsorbed  on  Fuller’s 
earth.  The  addition  of  these  filtrate  factors 
restored  normal  pigmentation.  This  [)he- 
nomenon  was  also  observed  in  mice  (Kfa, 
180),  dogs  (199,  84),  guinea  pigs  (199),  foxes 
(200),  and  chicks  (101).  It  was  also  shown 
that  avitaminotic  graying  may  become  ir¬ 
reversible  (possibly  from  jiernianent  damage 
to  melanocytes)  if  the  deficient  diet  is  given 
over  a  sufficiently  long  time  (174).  In  the 
early  1940’s,  a  number  of  workers  studied 
the  antiachromotrichial  properties  of  the 
various  comjxments  of  the  filtrate  factor  and 
reported  varying  results,  which  imjilicated 
to  differing  degrees  pantothenic  acid  (105, 
101,  107,  106,  210,  289,  55,  304,  86,  64,  195, 
177),  para-aminobenzoic  acid  (180,  6),  bio¬ 
tin  (277,  65),  and,  at  that  time,  some  still 
other  unknown  factor  present  in  liver  and 
yeast.  Pantothenic  acid,  however,  seemed  to 
be  the  chief  factor  involved.  Frost  and  his 
co-workers  (85)  in  1946  helped  clarify  the 
problem  by  showing  that  synthetic  jiter- 
oylglutamic  acid  (folic  acid)  comi)letely  re¬ 
stored  jiigment  in  chicks  depigmented  on 
synthetic  diets  containing  all  other  known 
dietary  factors,  including  pantothenic  acid, 
biotin,  copper,  zinc,  jiara-aminobenzoic 
acid,  choline,  cystine,  and  inositol.  Lillie 
and  Briggs  (167)  later  confirmed  this  work. 
Finally,  W'right  and  Welch  (308)  further 
clarified  the  problem.  They  noted  that  liver 
sUirage  of  jiantothenic  acid  was  aided  by 
simultaneous  administration  of  folic  acid 
concentrates  and  biotin  when  given  to  suc- 
cinylsulfathiazole-fed  rats  which  had  be¬ 
come  gray.  I  his  would  indicate  that  the 


utilization  of  pantothenic  acid  is  in  some 
way  dependent  on  the  {iresence  of  folic 
acid. 

The  following  working  hypothesis  can 
jierhaps  best  summarize  the  observations  in 
this  complex  field.  Pantothenic  acid  can  be 
considered  the  chief  anti-achromotrichial 
vitamin.  In  the  absence  of  folic  acid,  biotin, 
and  possibly  other  factors  (such  as  choline, 
inositol,  and  cystine),  either  pantothenic 
acid  cannot  be  synthesized  because  of  inef¬ 
fectual  bacterial  fora  in  the  intestines,  or 
the  tissues  cannot  utilize  it  properly.  Para- 
aminobenzoic  acid  could  further  act  in¬ 
directly  by  being  essential  for  folic  acid 
synthesis. 

Deficiencies  of  vitamins  A  (202),  C  (46), 
and  niacin  (118)  have  all  been  reported  to 
lead  to  increased  melanin  formation.  Thus 
in  pellagra  from  niacin  deficiency,  melanosis 
characteristically  follows  the  acute  inflam¬ 
matory  lesions  appearing  on  exposed  areas. 
Photosensitization  undoubtedly  plays  an 
important  role  in  these  lesions,  and  the  mel¬ 
anosis  is  probably  a  type  of  postinflamma- 
tory  hyperjiigmentation.  The  melanosis  in 
vitamin  A  deficiency  occurs  at  the  sites  of 
the  follicular  hyperkeratotic  papules.  It  has 
been  suggested  (157)  that  the  local  reduction 
in  sulfhydryl  groujis  accompanying  in¬ 
creased  keratinization  may  serve  to  release 
at  these  points  the  normal  sulfhydryl  inhibi¬ 
tion  of  tyrosinase.  The  melanosis  occasion¬ 
ally  associated  with  scurvy  can  also  jirob- 
ably  be  accounted  for  on  the  basis  of  release 
of  sulfhydryl  inhibition.  Ascorbic  acid  is  a 
major  factor  in  maintaining  sulfhydryl  lev¬ 
els  in  tissue  and  blood.  It  is  also  possible  that 
iron,  deposited  in  the  skin  as  a  result  of  the 
cutaneous  hemorrhages  of  scurvy,  may  bind 
sulfhydryl  inhibitors  of  tyrosinase.  Such  a 
mechanism  has  been  jiroposed  for  the  excess 
melanin  formation  in  hemochromatosis 


VI.  endocrine  E.\CT()RS 

The  relationships  between  hormonal  fac¬ 
tors  and  melanin  formation  have  been  wide 
ly  studied  in  both  lower  animals  and  man 


tuitary,  thyroid,  adrenal,  and  gonadal 
lormones  have  all  been  shown  to  influence 
melanin  pigmentation  in  living  animals.  In 
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vitro  biochemical  experiments  on  melanin 
formation  with  these  hormonal  factors, 
however,  have  been  very  meager. 

A.  PITUITARY 

The  pituitary  gland  exerts  its  effect  on 
pigmentation  either  by  influencing  other 
endocrine  glands  or  through  the  melanocyte- 
stimulating  hormone  (MSH,  melanophore 
hormone,  intermedin).  In  cold-blooded  ver¬ 
tebrates  both  neural  and  humoral  factors 
can  bring  about  rapid  changes  in  coloration 
in  response  to  many  stimuli.  The  humoral 
control  is  brought  about  by  the  direct  action 
of  MSH  on  chromatophores  in  the  skin  to 
cause  dispersion  of  pigment  granules  within 
them.  If  the  hypophysis  is  removed  in  an 
animal  like  the  frog,  the  skin  pales  because 
the  pigment  granules  cluster  together  in  the 
chromatophores.  If  into  such  a  hypophy- 
sectomized  animal  injections  of  pituitary 
extracts  from  vertebrates  of  all  types,  in¬ 
cluding  mammals,  are  given,  the  chromato¬ 
phores  rapidly  appear  to  expand  because  of 
pigment  dispersion,  and  the  skin  darkens.® 
Even  in  excised  pieces  of  frog  skin  the  chro¬ 
matophores  respond  in  similar  fashion  to 
pituitary  preparations  (309).  The  response 
of  excised  frog  skin  has  been  used  with  re¬ 
flectance  spectrophotometry  as  a  sensitive 
assay  method  for  MSH  (158). 

Some  evidence  has  been  brought  forth  in 
amphibians  that  prolonged  melanophore  ex¬ 
pansion  results  in  an  absolute  increase  in 
amount  of  dark  melanin  pigment  in  the  skin 
(50,  49,  292).  Freiden  and  Bozer  (81)  also 
noted  an  increase  in  melanin  content  of 
about  40  per  cent  in  frog  skin  after  8  weeks 
of  MSH  injections. 

Although  MSH  is  clearly  i)resent  in  mam¬ 
malian  pituitaries  (125),  no  rapid  expansion 
of  mammalian  melanocytes  can  be  brought 
about  by  it.  Nevertheless,  there  have  been 

6.  Photoelectric  measurement  and  microscopic 
observation  of  melanophore  responses  in  such  frogs 
have  been  used  for  sensitive  MSH  assay  puri)oses 
(Eric  Thing,  Melanophore  reaction  and  adrenocorti¬ 
cotropic  hormone.  I.  Comparison  of  methods  based 
on  photoelectric  measurements  and  microscopic  o  b¬ 
servations  of  the  melanophores,  Acta.  Endocrinol., 
10:295-319,  1952). 


suggestions  that  this  hormone  may  exert  a 
stimulating  influence  on  mammalian  mela¬ 
nin  formation.  Thus,  Calkins  (quoted  in 
157)  hypothesized  that  the  melanosis  in 
Addison’s  disease  comes  about  by  release  of 
adrenal  inhibition  of  pituitary  MSH  output, 
the  increased  blood  levels  of  MSH  then 
being  the  direct  cause  of  the  increased  mela¬ 
nin  synthesis.  This  hypothesis  is  supported 
by  the  observation  that  secondary  adrenal 
cortical  insufficiency  from  hypopituitarism 
is  usually  accompanied  by  decreased  pig¬ 
mentation  (263).  Furthermore,  it  has  been 
suggested  that  the  Addisonian  type  of  mela¬ 
nosis  occasionally  accompanying  the  ad¬ 
ministration  of  ACTH  in  man  may  result 
from  the  high  MSH  activity  of  such  prepa¬ 
rations  (157).  Such  ACTH  melanosis,  how¬ 
ever,  has  also  been  suggested  as  resulting 
from  diminished  skin  sulfhydryl  content,  an 
effect  likely  to  occur  in  view  of  the  reduction 
in  blood  glutathione  accompanying  ad¬ 
ministration  of  either  this  hormone  prepa¬ 
ration  or  cortisone  (284).  Cortisone  adminis¬ 
tration  has  also  been  stated  to  result  in  mel¬ 
anosis,  although  much  less  frequently  than 
is  the  case  with  ACTH.  In  my  experience 
cortisone  is  not  pigmentogenic,  and  some 
question  exists  about  the  phenomenon  in  the 
reported  cases,  because  definite  statements 
are  not  available  as  to  whether  ACTH  had 
not  also  been  previously  given  to  these  pa¬ 
tients.  Of  course,  the  reduced  skin  sulfhydryl 
theory  would  be  applicable  to  explain  mela¬ 
nosis  from  cortisone  if  it  really  occurs.  How¬ 
ever,  Hall,  McCracken,  and  Thorn  (111),  on 
the  basis  of  reflectance  spectrophotometric 
studies,  find  that  cortisone  generally  causes 
a  decrease  in  skin  melanin  content,  whereas 
ACTH  causes  an  increase. 

MSH  is  a  relatively  heat-stable,  small 
polypeptide  hormone  produced  in  the  inter¬ 
mediate  (and/or  anterior)  lobe  of  the  pitui¬ 
tary  gland. ^  Whether  it  is  made  independ¬ 
ently  from  ACTH  is  much  debated  (89,  137, 
229,  278).  Separation  of  MSH  from  ACTH 
without  loss  of  either  activity  has  not  been 

7.  In  the  whale,  which  has  no  intermediate  lol)e, 
Geiling  and  his  co-workers  (88)  showed  that  the 
anterior  lobe  of  the  pituitary  produces  this  hormone. 
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accomplished  and  even  the  most  highly 
purified  AC  I H  preparations  have  high 
MSH  activity.  ACTH  activity,  however, 
can,  in  ACTH  preparations,  be  destroyed 
without  destroying  melanophore  activity  by 
boiling.  Recently  preparations  of  extremely 
great  melanophore-expanding  potency  have 
become  available,  such  that  as  little  as  KH*’ 
gm.  is  said  to  cause  darkening  of  hypophy- 
sectomized  frogs  (158).  The  dilutions  re¬ 
quired  to  achieve  these  low  concentrations, 
however,  are  difficult  to  evaluate  because 
complicating  adsorption  effects  easily  lead 
to  errors;  but  even  if  the  figure  of  is  not 
strictly  correct,  there  can  be  no  doubt  about 
the  very  high  potency  of  these  preparations. 

Whether  MSH  can  act  in  mammals  by 
causing  a  very  slow  dispersion  of  melanin 
granules  within  melanocytes  is  still  an  open 
question.  Certainly,  a  great  many  pigmento- 
genic  stimuli  do  make  the  dendritic  proc¬ 
esses  of  these  cells  more  readily  visible  as  a 
result  of  their  filling  wdth  melanin  granules. 
Whether  this  filling  of  dendrites  with  mela¬ 
nin  granules  results  solely  from  multiplica¬ 
tion  of  such  granules  is  not  known,  and  it  is 
distinctly  possible  that  granule  dispersion 
may  also  play  a  role. 

Another  suggestion  as  to  a  possible  mech¬ 
anism  by  which  MSH  might  control  mam¬ 
malian  coloration  has  been  that  this  hor¬ 
mone  causes  increased  serum  copper  levels, 
which,  in  turn,  activate  skin  tyrosinase 
(158).  Such  increased  copper  levels  have 
been  reported  to  be  associated  with  Riehl’s 
melanosis  (240,  210). 

Fostvedt  (80),  moreover,  suggested  a 
direct  tyrosinase-stimulating  action  of  MSH 
on  the  basis  of  in  vitro  experiments  on  tyro¬ 
sine-tyrosinase  systems  in  the  Warburg 
respirometer.  Attempts  to  confirm  this 
work,  however,  have  not  been  successful 
(158,  171). 

_  Although  these  varied  theories  for  MSH 
stimulation  of  pigmentation  in  mammals 
have  been  proposed,  the  simple  fact  of  such 
stimulation  has  mly  recently  been  proved. 
In  man  injections  of  very  huge  doses  of 
purified  highly  potent  MSH  preparations 
have  produced  generalized  melanosis  and 


stimulated  the  appearance  of  flat  pigmented 
nevi.®  In  rabbits  there  has  been  a  reported 
failure  of  this  hormone  to  influence  pig" 
mentation  when  slowly  absorbed  from  im¬ 
planted  collodion  sacs  (197).  Rather  early 
reports  of  the  beneficial  effect  (204)  of  local 
intermedin  injections  in  vitiligo  have  not 
been  confirmed.  It  w'ould  be  of  interest  to 
repeat  these  latter  experiments  with  the 
potent  prejiarations  of  intermedin  now  avail¬ 
able. 


B.  THYROID 


In  lower  vertebrates  thyroid  hormone  is 
important  in  maintaining  normal  melanin 
formation.  Thus  tadpoles  fail  to  develop 
pigment  in  its  absence  (176);  and  Trinkhaus 
has  shown  that  thyroxine  in  the  adult  brown 
Leghorn  chicken  enhances  formation  of 
black  pigmentation,  whereas  in  its  absence 
a  red  pigment  is  formed  (286).  In  rabbits 
Robert  (238)  found  that  intradermal  injec¬ 
tions  of  thyroxine  caused  locally  increased 
jiigmentation. 

In  man  hyperthyroidism  is  frequently 
accompanied  by  increased  pigmentation, 
while  myxedematous  patients  are  usually 
pale  (132).  On  the  other  hand,  vitiligo  is 
frequently  associated  with  hyperthyroidism 
(132).  A  similar  finding  has  been  reported  in 
thyrotoxic  chicks  (108).  Maybe  this  associa¬ 
tion  is  due  to  an  increased  tendency  toward 
pigmentation  in  hyperthyroidism.  It  is 
known  that  melanosis  is  often  accompanied 
by  spotted  depigmentation,  e.g.,  in  Addi¬ 
son’s  disease  and  arsenical  leukomelano- 
derma. 

In  any  case,  it  is  difficult  to  interpret 
these  thyroid  effects  on  pigmentation.  Most 
simply,  one  might  speculate  that  thyroxine, 
as  a  general  stimulator  of  oxidative  proc¬ 
esses,  might  also  enhance  the  oxidation  of 
tyrosine  to  melanin.  Another  interpretation 
along  the  lines  of  the  sulfhydryl-inhibited 
tyrosinase  theory  has  been  that  the  hyper¬ 
pigmentation  simply  accompanies  a  general 


lid  . 


patnek,  On  the  mechanism  of  melanin  pigmentation 
disorders,  J.  Invest.  Dermat.,  21:337- 
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reduction  in  body  sulfhydryl  groups  that  has 
been  reported  in  hyperthyroidism  (157). 

It  might  be  of  interest  here  to  call  atten¬ 
tion  to  some  very  general  similarities  be¬ 
tween  the  enzyme  systems  involved  in  the 
synthesis  of  thyroxine  and  of  melanin.  Both, 
for  example,  (1)  utilize  tyrosine  as  a  sub¬ 
strate,  (2)  are  inhibited  by  copper-binding 
agents,  (vS)  are  regulated  in  some  fashion  by 
pituitary  tropic  hormones,  and  (4)  lead  to  an 
end-product  which  is  normally  bound  to 
protein. 

C.  ADRENAL 

Adrenal  hormones  play  a  very  important 
role  in  the  regulation  of  melanin  formation. 
This  is  well  illustrated  by  the  striking  mela¬ 
nosis  characteristic  of  Addison’s  disease  in 
man,  produced  by  removal  of  the  adrenal 
cortex  either  by  disease  or  by  surgery.  In 
this  disease  diffuse  melanosis  slowly  devel¬ 
ops  and  becomes  most  intense  over  areas 
normally  more  deeply  pigmented,  such  as 
the  axillae,  perianal  area,  areolae,  ex[)osed 
parts  of  the  face  and  extremities,  and  pressure 
points.  It  is  to  be  noted  that  many  of  these 
predilectional  areas  for  the  melanosis  tend 
to  be  the  relatively  warm  areas  of  the  skin, 
and  this  locally  increased  temperature  may 
be  an  additional  factor  accelerating  the 
melanin-forming  reactions  in  these  sites 
both  normally  and  in  melanotic  conditions 
(157).  Although  in  most  animal  experiments 
no  pigmentary  changes  follow  adrenalec¬ 
tomy,  in  rats  with  achromotrichia  induced 
by  diets  deficient  in  the  filtrate  factor, 
adrenalectomy  more  than  restores  pigmen¬ 
tation,  and  this  pigment-restorative  effect 
of  adrenalectomy  can  be  counteracted  by 
desoxycorticosterone  (230,  39,  271).  In  tis¬ 
sue  cultures  of  embryonic  chick  skin  ex¬ 
plants,  Hamilton  (112)  noted  an  inhibitory 
action  of  desoxycorticosterone  on  melano- 
phore  development.  More  recently  Whitaker 
and  Baker  (298)  also  report  that  local  aj)- 
plication  of  adrenal  cortical  hormones  causes 
loss  of  pigment  in  rat  hair.  Thus  it  is  prob¬ 
able  that  the  adrenal  cortical  hormones  can 
exert  an  inhibitory  effect  on  melanin  forma¬ 
tion  in  some  rather  direct  fashion.  Possible 


indirect  mechanisms  for  adrenal  inhibition 
of  melanin  formation  (via  melanojihore  hor¬ 
mone  restriction)  have  already  been  dis¬ 
cussed  (p.  544).  Release  of  sulfhydryl  tyro¬ 
sinase  inhibition,  as  was  also  mentioned,  is 
perhaps  another  good  partial  explanation  for 
Addisonian  melanosis.  In  fact,  Rivoire  (237) 
in  1935  administered  cysteine  together  with 
saline  to  Addisonian  j)atients  and  noted 
marked  reduction  of  melanosis.  This  ob¬ 
servation  had  previously  also  been  made  by 
Leobardy  and  Labesse  (155)  in  another 
Addisonian  patient. 

In  the  past  many  theories  were  i)roposed 
to  explain  Addisonian  melanosis,  and  these 
will  be  discussed  briefly,  mainly  for  their 
historical  interest.  Sodeman  (269)  has  re¬ 
viewed  these  various  theories.  An  early 
proposal  championed  by  Bloch  and  Loffler 
(26)  was  based  on  the  fact  that  epinephrine 
and  melanin  originate  from  the  same  pre¬ 
cursor,  tyrosine,  and  that  if  the  adrenals  do 
not  utilize  it  for  epinephrine  synthesis,  this 
substrate  accumulates,  to  be  converted  to 
melanin.  Obviously,  this  theory  is  deficient 
because  of  well-known  cases  of  pigmentation 
in  Addison’s  disease  in  which  the  adrenal 
medullae  are  intact.  Another  suggestion  was 
that  ascorbic  acid,  normally  stored  in  large 
amounts  in  the  adrenals,  is  destroyed  and 
hence  leads  to  a  reduction  in  tissue  ascorbic 
acid,  which  is  a  known  inhibitor  of  melanin 
formation  (281).  This  theory  is  difficult  to 
support  because  ascorbic  acid  fails  to  re¬ 
verse  Addisonian  melanosis  excei)t  occa¬ 
sionally,  when  huge  unphysiological  doses 
(500  mg.  or  more  daily)  are  used  (244,  302). 
Another  suggestion  by  Lea  (151)  was  that 
the  drop  in  blood  sodium  chloride  may  be 
the  important  factor  involved.  Experimen¬ 
tally  he  was  able  to  show  that  in  the  pres¬ 
ence  of  ascorbic  acid  the  tyrosinase-tyrosine 
reaction  ])roceeded  faster  at  0.5  j)er  cent  salt 
concentration  than  at  0.9  i)er  cent.  1  he 
former  salt  concentration,  how'ever,  repre¬ 
sents  an  uni)hysiological  range,  even  for 
Addison’s  disease. 

An  interesting  observation  recently  is 
that  in  jiatients  in  whom  both  adrenals  have 
been  surgically  removed  for  treatment  of 
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malignant  diseases,  gross  melanosis  does  not 
develop  while  they  are  kept  on  maintenance 
doses  of  cortisone  (US).  If,  however,  desoxy- 
corticosterone  is  added  along  with  the  corti¬ 
sone,  intense  Addisonian-tyi)e  melanosis 
does  appear.  No  explanation  is  available  to 
account  for  this  latter  unusual  finding. 

Most  recently  nor-epinephrine  and,  to  a 
lesser  degree,  ei)inei)hrine  have  also  been 
shown  to  affect  melanocytes  directly  by 
blocking  the  melanophore-expanding  effect 
of  MSH  in  excised  frog  skin  (158).  Ergot¬ 
amine  abolishes  these  blocking  effects.  These 
observations  confirm  the  much  earlier  claims 
that,  in  lower  vertebrates,  sympathetic 
nerve  impulses  cause  contraction  of  mela- 
nophores  (see  p.  54b). 

D.  GON.-VDAL 

Gonadal  hormones,  in  general,  promote 
melanin  pigmentation  both  in  man  and  in 
lower  animals.  It  is  well  known  that  male 
eunuchs  have  pale  skins  and  do  not  tan 
readily.  Hamilton  et  at.  (115)  observed  an 
additional  interesting  phenomenon  in  a 
male  eunuch  who  had  been  exposed  to  the 
sun  without  develojfing  pigmentation.  Five 
months  later,  after  administration  of  testos¬ 
terone,  strong  pigmentation  developed  in 
the  previously  sun-exposed  areas.  Later  he 
(113)  reported  similar  observations  in  two 
postmenopausal  and  three  castrate  women. 
Pigmentation  in  these  women  developed 
after  estrogen  or  androgen  administration  in 
areas  exposed  to  the  sun  2  months  previous¬ 
ly.  Jodar  (136)  also  reported  a  similar  occur¬ 
rence  in  a  child  who  developed  pigmentation 
in  areas  ])reviously  exjwsed  to  ultraviolet 
light  irradiation  after  receiving  a  blood 
transfusion  from  the  mother. 

In  1932  Bloch  and  his  co-workers  (28) 
made  ovarian  implants  into  castrate  male 
guinea  i)igs  and  noted  that  hyperi)igmenta- 
tion  developed  in  the  nipples,  areolae,  and 
about  the  genitalia.  Davis,  Boynton,  Fer¬ 
guson,  and  Rothman  (48)  noted  this  early 
work  and  studied  the  phenomenon  further 
They  found  that  local  api)lication  of  estro¬ 
gen  to  one  nii)ple  alone  could  induce  purely 
local  increased  melanin  formation,  without 


systemic  estrogenic  effects  (big-  lb)-  Thus 
it  was  rather  conclusively  demonstrated 
that  this  hormone  can  directly  stimulate  at 
least  some  melanocytes  to  increased  melanin 
formation.  Recently  this  work  in  guinea 
pigs  was  confirmed  (297).  VV.  Jadassohn  et 
at.  (129)  even  worked  out  a  special  “nipple 
test”  based  on  the  local  pigmentogenic  ef¬ 
fect  of  estrogens.  Davis  et  at.  (48)  further  ad¬ 
ministered  estrogen  to  young  women  with 
primary  amenorrhea  and  noted  the  develop¬ 
ment  of  a  striking  persistent  melanosis  of  the 
nipples,  areolae,  linea  alba,  and  genitalia. 
Such  a  pigmentogenic  effect  from  estrogen 
could  not,  however,  be  obtained  in  post¬ 
menopausal  women.  These  workers  hypoth¬ 
esized  that  increased  gonadotrophins  in  the 
latter  group  might  inhibit  the  estrogenic 
effect,  and  they  were  able  to  show  in  the 
castrate  guinea  pig  that  estrogen-induced 
nipple  pigmentation  could  be  inhibited  by 
concomitant  administration  of  chorionic 
gonadotrophin,  but  curiously  not  by  preg¬ 
nant-mare-serum  gonadotrophin.  It  is  dififi- 
cult  to  see  how  such  gonadotrophic  inhibi¬ 
tion  could  actually  operate  in  the  j)ost- 
menopausal  group  given  stilbestrol,  in  view 
of  the  inhibiting  action  that  stilbestrol 
eventually  has  on  gonadotrophin  output.  It 
would  thus  seem  that  a  reduction  in  target 
organ  sensitivity  to  estrogen  with  age  might 
better  explain  the  inability  of  estrogen  to 
induce  nipple  pigmentation  in  these  older 
women.  The  unusual  chorionic  gonado¬ 
trophin  inhibition  in  the  guinea  pig,  how¬ 
ever,  has  yet  to  be  explained. 

The  local  hyperpigmentations  developing 
m  pregnant  women  are,  without  doubt, 
estrogenic  effects,  the  melanocytes  about  the 
nipples,  areolae,  linea  alba,  and  genitalia  be¬ 
ing  specifically  more  susceptible  to  stimula¬ 
tion  by  greatly  increased  amounts  of  cir¬ 
culating  estrogenic  hormones.  At  times 
melanocytes  elsewhere  may  also  respond 
similarly  to  estrogen,  viz.,  the  chloasma  of 
pregnancy  and  the  darkening  of  pigmented 
nevi.  Sunshine  and  estrogen  may  act  syner- 
gistically  m  producing  the  chloasma  of  preg¬ 
nancy,  as  was  shown  by  Jesionek  (134)  He 
covered  half  the  face  of  a  woman  who  ha, 1 
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had  chloasma  in  a  previous  pregnancy  with 
light-impermeable  material.  Chloasma  de¬ 
veloped  during  the  pregnancy  only  on  the 
uncovered  side. 

Estrogens  have  been  implicated  in  still 
other  ways  in  pigment  formation.  Wester- 
feld  (295)  in  1940  found  that  natural  estro¬ 
gens  having  active  phenolic  groups  could  be 
oxidized  by  tyrosinase.  Craubard  and  Pin- 


oxidized  and  can  no  longer  inhibit  tyrosine 
oxidation.  These  experiments,  if  confirmed, 
suggest  that  the  mechanism  by  which  estro¬ 
gen  favors  melanin  formation  by  direct  local 
action  is  by  release  of  normal  sulfhydryl  in¬ 
hibition  of  tyrosinase.  The  experiments  of 
Figge  and  Allen  have,  however,  been  open  to 
criticism  because  no  controls  were  done  to 
determine  the  action  of  their  crude  tyro- 


FiG  10 -Guinea  pig  in  which  nipple  and  areola  (A)  were  treated  by  topical  applications  of  diethylstil- 
bestrol'in  sesame  oil,  while  nipple  and  areola  (B)  were  used  as  a  control  and  received  topical  applications  of 
sesame  oil  only.  The  enlargement  and  hyperpigmentation  of  A  demonstrates  ^ 

the  melanocytic  cells  without  interference  of  general  systemic  effects.  Prom  Davis  el  al.  (48).  (Reproduced 
by  permission  of  Dr.  Davis  and  the  Journal  of  Clinical  Endocrinology.) 


cus  (99)  confirmed  this  finding  with  potato 
tyrosinase  and  noted  that  the  oxidation  of 
estrogens  led  to  red-colored  quinone-type 
end-products  without  estrogenic  activity. 
Figge  and  Allen  (71)  further  noted  that 
estrone  can  overcome  glutathione  inhibition 
of  tyrosinase  oxidation  of  tyrosine  by  acting 
as  a  more  easily  oxidizable  substrate  than 
tyrosine.  The  quinone  formed  by  this  proc¬ 
ess  from  estrogen  then  oxidizes  reduced 
glutathione,  until  the  latter  is  completely 


sinase  prejiaration  on  estrone  alone.  It  is 
likely  that  their  crude  potato  enzyme  con¬ 
tained  estrinase  in  addition  to  tyrosinase. 
Forbes’s  (78)  observation  of  a  reddish  hair 
jiigment  develo])ing  in  albino  rats  given 
large  doses  of  estradiol  can  be  interpreted  to 
lend  support  to  the  concei)t  that  estrogens 
in  mammals  can  be  oxidized  in  some  fashion 
to  pigment,  h’orbes  also  reported  darkening 
of  the  hair  in  male  and  female  rats  after  im¬ 
plantation  of  pellets  of  androgens  or  estro- 
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gens.  In  tissue  cultures  of  fowl  skin,  Hamil¬ 
ton  (112)  also  noted  that  androgens  and 
estrogens  promote  melano[)hore  differentia¬ 
tion. 

Like  estrogens,  androgens,  besides  having 
some  general  stimulating  effect  on  pigment 
formation,  can  directly  stimulate  specific 
melanocytes  in  some  species  to  form  large 
amounts  of  melanin.  The  melanocytes  of  the 
bill  of  the  sparrow  (226);  the  lores,  tongue, 
and  floor  and  roof  of  the  mouth  of  the  night 
heron  (211);  the  dorsolumbar  spots  of  the 
hamster  (149);  and  the  scrotum  of  the  thir- 
teen-lined  ground  squirrel  (294)  respond  in 


such  specific  fashion  to  androgen  stimula¬ 
tion,  whether  locally  aj)plied  or  systemically 
given. 

Hamilton  (114),  on  studying  this  effect  of 
locally  applied  androgen  in  the  hamster,  fur¬ 
ther  discovered  that  these  particular  mel¬ 
anocytes,  in  some  unexplained  fashion,  can 
sum  up  the  effects  of  small  fractions  of  a 
total  effective  dose  when  these  are  applied  in 
subthreshold  amounts  over  intervals  as  long 
as  3  weeks. 

In  excised  frog  skin  i)rogesterone  and 
pregnanetrione  have  had  some  direct  mela- 
nophore-expanding  activity  (158). 


\’II.  NEUR.\L  FACTORS  IN  MELANIN  FORMATION 


4'hat  neural  factors  influence  melanin 
formation  is  not  surprising,  in  view  of  the 
close  association  embryologically  between 
nervous  tissue  and  melanin-forming  cells. 
Furthermore,  good  evidence  has  been 
brought  forth  in  urodeles  that  melanin-form¬ 
ing  cells  of  the  eye  under  appropriate  con¬ 
ditions  can,  so  to  speak,  de-differentiate 
and  develop  into  neural-type  retinal  cells 
(275). 

In  lower  vertebrates  capable  of  rapid 
coloration  changes,  neural  factors  influence 
pigmentation  in  striking  fashion.  These 
neural  mechanisms  involve  afferent  path¬ 
ways  which  are  usually  visual  impulses. 
Blinding  these  animals  generally  causes  pal¬ 
ing  of  their  skins.  The  efferent  pathways  in¬ 
fluencing  coloration  act  in  part  by  activating 
endocrine  organs,  such  as  the  hypophysis  or 
the  adrenals,  which,  in  turn,  produce  hor¬ 
mones  which  regulate  chromatophores.  In 
part,  however,  these  efferent  pathways,  par¬ 
ticularly  in  creatures  like  the  flounder,  must 
actually  exert  a  direct  influence  on  the 
chromatophores;  otherwise  accurate  pattern 
effects  could  not  be  produced. 

-A  double  antagonistic  autonomic  innerva¬ 
tion  of  contractile  chromatophores  has  long 
been  claimed  in  lower  vertebrates,  with 
sympathetic  impulses  causing  “contraction” 
and  parasympathetic  impulses  causing  “ex- 
F^ansion”  of  these  cells  (247).  Parker  et  at. 
(217)  analyzed  the  dark  dorsal  and  pale 


ventral  skin  of  the  catfish,  Ameirus,  and 
found  0.02-0.08  y  of  acetylcholine  per  gram 
of  moist  skin  in  the  dark  portions  and  only 
0.005-0.04  7  in  the  pale  fjortions.  This  ob¬ 
servation  harmonizes  well  with  the  idea  that 
chromatophore-exFoanding  fibers  are  para¬ 
sympathetic  (cholinergic)  in  type. 

In  man  there  are  numerous  clinical  ob¬ 
servations  and  experiments  that  suggest 
neural  control  over  melanogenesis,  but  con¬ 
clusive  proof  is  lacking.  The  transplantation 
experiments  in  vitiligo  discussed  on  page  541 
can  most  easily  be  interpreted  on  the  basis 
of  such  control.  Burn  (36)  has  even  F^ostu- 
lated  a  mechanism  by  which  the  symF)a- 
thetic  nervous  system  may  participate  in 
melanogenesis.  After  Fainting  out  the  chem¬ 
ical  similarity  between  the  precursors  of 
nor-eFfinephrine  and  melanin  and  calling  at¬ 
tention  to  Goodall’s  demonstration  of  dopa 
in  sheep  adrenal  medullae  by  F^aF^er  chroma¬ 
tography,  he  suggests  that  sympathetic 
nerves  may  carry  doF^a  to  the  skin,  where,  in 
turn,  it  can  stimulate  or  be  used  for  melanin 
formation. 

Ito  (127)  further  calls  attention  to  clinical 
cases  of  systematized  nevi,  incontinentia 
pigmenti,  nevms  oFihthalmo-maxillaris  Ota, 
and  Mongolian  sF^ot,  where  F^igmentary 
changes  are  sometimes  localized  along  cu¬ 
taneous  nerve  distributions.  He  also  points 
out  that  functional  abnormalities  of  the 
vegetative  nervous  system  as  disclosed  by 
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histamine  and  diaphoretic  tests  have  been 
correlated  with  local  pigmentary  disturb¬ 
ances.  Thus  in  vitiligo,  hypo-esthesia  (145, 
251)  and  local  autonomic  reflex  disturb¬ 
ances  (164)  have  been  reported  by  several 
observers,  though  denied  by  others  (251, 


109).  Some  others  (301,  117,  94)  have  also 
rei)orted  abnormal  pigmentation  in  associa¬ 
tion  with  neurologic  or  psychiatric  disturb¬ 
ances.  Much  work  still  remains  to  be  done  to 
evaluate  fully  the  relationship  of  neural  fac¬ 
tors  to  melanogenesis. 


VIII.  FACTORS  INFLUENCING  SKIN  MELANIN  CONTENT 


Obvious  variations  in  the  amount  of  mel¬ 
anin  in  the  skin  and  hair  occur  in  both  nor¬ 
mal  and  abnormal  conditions.  These  varia¬ 
tions  may  be  dependent  either  on  variations 


albino  skin,  all  contain  approximately  the 
same  numbers  of  dendritic  melanocytes  (9). 
In  albinism,  a  recessively  inherited  anomaly 
found  throughout  the  mammalian  world. 


TABLE  1 

Classification  of  Mf:lanin  Pigmentation  of  the  Skin  (132) 


Melanosis  Not  Associated  with  an  Increased  Number  of  Melanobla sts 


External  Causes 


Sunlight 
Ultraviolet  rays 
Roentgen  rays 
.Mpha  rays  from  thorium 
X 

Photosensitization  to  ac¬ 
tinic  rays 
Heat  rays 

Mechanical  irritation 
Chemical  irritation 
Vagabonds’  disease 


Internal  Causes 


Conditions  Piimarily  of 
General  Medical  Interest 


Conditions  Primarily  of 
Dermatologic  Interest 


Eryihrose  peribiiccale  pigmen- 
laire 

Postinflammatory  condition 
Chronic  dermatitis 
Dermatitis  herpetiformis 
Urticaria  with  pigmentation 
Urticaria  pigmentosa 
Xeroderma  [ligmentosum 
War  melanosis  (Riehl) 
Lentigo 

.Additional  miscellaneous 
causes 


Vitamin  .A  deficiency* 

Vitamin  C  deficiency* 

Pellagra* 

Sprue* 

.Anemias* 

Lymphomas* 

Gaucher’s  disease* 

Niemann-Pick’s  disease* 

.Acanthosis  nigricans 
Scleroderma 
Ingestion  of  arsenic 
Vagabonds’  disease*! 

Ochronosis  (alca])toiui- 
ria)  *J 

.Afldison’s  disease 
.Acromegaly* 

Cushing’s  disease* 

Hyjierthyroidism* 

Pregnancy 
Chloasma  uterinum 
Hemochromatosis  (many 
cases)  * 

Additional  miscellaneous 
causes* 

^  a.l<ie<]  .o  ..rit-inai  d.aaific.lion,  on  the  l,a,U  either  of  .lata  in  the  literature  or  of  their  sinrilarity  to  di.orJer.  already 

classified. 


Melanosis  Associated 
WITH  Increased  Number 
OF  Mel  anobla  STS 


Ephelides  (freckles) 
Pigmented  nevus 
Neoplasms 
Melanoma 
Melanotic  epitheli¬ 
oma 

Melanotic  carcinoma 
Mongolian  spot 
Blue  nevus 
Neurofibromatosis 
.Albright’s  syndrome* 
Leschke’s  syndrome* 
Congenital  neurocu- 
taneous  syndrome  of 
melanosis  of  skin  and 
central  nervous  sys¬ 
tem* 

.Skin  jiigment  spot  lo¬ 
calized  over  sjiina 
bifida  occulta* 


in  numbers  of  melanocytes  or  simply  on  the 
physiological  activities  of  these  cells  in 
forming  melanin.  Normal  skin  of  all  colors, 
including  Negro  skin,  vitiliginous  skin,  and 


there  seems  to  be  a  genetic  lack  of  the  en¬ 
zyme  tyrosinase,  while  in  N^ro  skin,  on  the 
other  hand,  there  is  a  genetically  controlled 
hyperactivity  of  this  enzymatic  function. 
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The  mechanisms  by  which  genetic  factors 
regulate  melanin  production  so  as  to  account 
for  the  many  normal  variations  in  color, 
shade,  and  j)atterning  of  melanin  pigmenta¬ 
tion  throughout  the  animal  world  are  largely 
not  understood.  Many  of  the  known  mecha¬ 
nisms  regulating  melanin  formation  have 
already  been  discussed. 

The  rate  at  which  melanin  is  lost  from 
the  skin  must  also  obviously  influence  its 
melanin  content.  Two  pathways  of  excretion 
of  melanin  granules  are  known.  One  is  up- 


riod  for  leukoderma  to  become  manifest 
after  exposure  to  monobenzyl  ether  of  hy- 
droquinone  can  be  taken  as  an  indication  of 
this  rate. 

Variations  in  numbers  of  melanocytes  are 
also  important  in  determining  skin  melanin 
content,  especially  in  abnormal  conditions. 
Becker  and  Obermeyer  (10)  proposed  a 
classification  of  various  melanoses  on  the 
basis  of  whether  they  were  associated  with 
increased  numbers  of  melanocytes  or  not. 
Jeghers’  extension  and  modification  of  this 


Fig.  11.  Dermal  surface  of  separated  ejiidermis  30  days  after  application  of  thorium  X;  melanocytes  are 
Identical  with  those  seen  in  normal  skin  and  contain  melanin  pigment  in  the  form  of  nuclear  caps;  dopa 

hrom  Keeker,  hitzpatrick,  and  Montgomery  (0).  (Reproduced  by  permission  of  Dr.  Keeker  and  the  .\merican 
IMedical  Association.) 


ward  through  the  epidermis,  with  ultimate 
loss  from  the  surface  along  with  the  physio¬ 
logical  shedding  of  the  horny  layer.  The  sec¬ 
ond  is  through  the  corium  into  macrophages, 
the  lymphatic  system,  and  ultimately  per¬ 
haps  even  into  the  blood  stream  and  from 
there  into  various  organs  and  the  urine. 
Loss  of  melanin  into  the  corium  is  favored 
under  pathologic  conditions  where  the  basal 
layer  becomes  disrufited,  such  as  lichen 
planus,  lupus  erythematosus,  and  inconti¬ 
nentia  pigmenti.  On  the  other  hand,  loss  of 
melanin  from  the  surface  is  favored  under 
conditions  of  increased  desquamation.  Nor¬ 
mally  the  rate  of  melanin  loss  from  the  epi¬ 
dermis  seems  to  be  slow  if  the  long  latent  pe- 


classilication  are  shown  in  Table  1.  Whether 
such  a  sharp  classification  as  given  is  ap¬ 
plicable  to  all  conditions  listed  in  the  table  is 
open  to  question,  and  it  is  probable  that 
cornbinations  of  both  factors — physiological 
activity  and  numbers  of  melanocytes — can 
be  simultaneously  involved  to  greater  or 
lesser  extent.  In  the  case  of  melanosis  from 
thorium  X,  for  example,  Becker  (9)  has 
noted  an  increase  in  numbers  as  well  as  in 
activity  of  melanocytes  (Fig.  11). 

No  detailed  discussion  of  the  many  clini¬ 
cal  conditions  associated  with  abnormalities 
in  melanin  pigmentation  will  be  attemi)ted 
lere.  Jeghers  (132)  covers  this  subject  well 
in  his  review  article. 
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IX.  SUN-TANNING 


Sunlight  irradiation  brings  about  darken¬ 
ing  of  skin  through  several  mechanisms 
worthy  of  comment.  An  initial  darkening 
effect  often  appears  a  few  minutes  after  ex¬ 
posure  and  reaches  a  maximum  within  1 
hour.  This  is  probably  a  type  of  Meirowsky 
phenomenon  and  is  brought  about  by  the 
relatively  long-wave  ultraviolet  spectrum 
between  300  and  420  m/u,  with  a  maximally 
effective  wave  length  at  340  m/x  (122).  This 
pigment-darkening  effect  is  believed  to  be  a 
photo-oxidation  of  preformed  relatively  re¬ 
duced  melanin  (194).  It  is  abolished  if  the 
o.xygen  supply  to  the  skin  is  diminished,  as 
by  blanching,  with  pressure  applied  with  a 
quartz  plate. 

A  second  effect  occurs  several  days  after 
sunlight  exposure  and  consists  of  an  upward 
migration  of  melanin  granules  in  the  epi¬ 
dermis  (29),  probably  as  a  result  of  disper¬ 
sion  of  these  granules  within  the  dendritic 
melanocytes.  At  times  as  a  consequence  of 
this  granule  migration,  the  basal  layer  may 
appear  relatively  free  of  melanin  granules. 

Finally,  a  third  important  and  well- 
known  factor,  that  of  new  formation  of  mel¬ 
anin,  is  involved  in  sun-tanning.  According 
to  Edwards  and  Duntley  (62),  this  begins 
after  2  days  and  reaches  a  maximum  after  19 
days.  After  1  month  the  amount  of  newly 
formed  melanin  begins  to  decline,  and  after 
9|  months  the  melanin  content  of  the  skin 
is  almost  back  to  normal.  This  new  forma¬ 
tion  of  melanin  is  caused  by  the  shorter- 
wave-length  erythema-])roducing  ultravio¬ 
let  spectrum  between  280  and  310  m^.  It  is 
of  interest  to  point  out  here  that  many  sun¬ 
screening  preparations,  especially  those 
based  on  para-aminobenzoic  acid,  effectively 
filter  the  erythema  wave  lengths  of  sunlight, 
yet  permit  the  passage  of  pigment-darken¬ 
ing  rays  above  320  m^  (250).  This  well  ex¬ 
plains  the  failure  of  such  preparations  to 
j)rotect  against  the  darkening  effect  of  sun¬ 
light  on  freckles  (68). 


Various  explanations  have  been  suggested 
for  the  new  formation  of  melanin  which  oc¬ 
curs  after  ultraviolet  irradiation,  and  pos¬ 
sibly  all  of  these  play  a  role  in  the  process 
(157).  These  are:  (1)  a  drop  in  tyrosinase- 
inhibitory  epidermal  sulfhydryl  groups  oc¬ 
curs  from  such  radiation;  (2)  ultraviolet 
radiation  catalyzes  the  oxidation  of  tyrosine 
to  dopa,  and  the  small  amounts  of  dopa  thus 
formed  then  catalyze  the  tyrosine-tyro¬ 
sinase  reaction;  (3)  the  redox  potential  of 
the  skin  changes  with  irradiation,  so  as  to 
favor  dark  melanin  formation;  and  (4)  in¬ 
creased  skin  temperature  accompanying  the 
ultraviolet  erythema  accelerates  the  tyro- 
sine-tyrosinase  reaction. 

Rothman  in  1923  (241)  noted  that  with 
the  development  of  sun-tanning  the  tyrosine 
level  of  blood  serum  drops  considerably.  The 
present  writer  was  able  to  confirm  these 
early  observations  in  a  few  additional  in¬ 
stances  (171).  It  was  concluded  that  after 
ultraviolet  irradiations,  circulating  tyrosine 
is  taken  up  by  the  “activated”  epidermal 
melanocytes  to  form  melanin. 

Various  photosensitizing  substances  in¬ 
crease  the  pigmentogenic  effects  of  sunlight 
and,  furthermore,  often  shift  the  effective 
wave  lengths  to  those  strongly  absorbed  by 
the  particular  compound.  These  wave 
lengths  do  not  in  many  cases  correspond 
with  the  usual  sunburn  spectrum.  For  exam¬ 
ple,  the  psoralen  (furo-coumarin)  deriva¬ 
tives,  which  are  the  active  photosensitizers 
in  many  plants,®  sensitize  to  ultraviolet  radi¬ 
ation  of  wave  lengths  above  320  m^. 

9.  These  plants  include  citrus  fruits  (bergamot 
oil),  parsnijjs,  Ainmi  (xanlhotoxin,  ammoidin, 

bergai)ten,  majudin;  imperatorin,  ammi<lin),  Impe- 
raloria  osthriilhium,  F  agar  a  xanthoxyloides,  Angelica 
archanglica,  A.  glabra,  Seseli  hidkum,  Skimmia 
laureola,  Aegle  marmelos,  Riila  chalapeiisis,  R.  grave- 
oleus,  Luvanga  scandens,  Psoralea  corylifolia,  and 
others  (Aaron  Hunsen  Lerner,  Cleveland  R.  Denton, 
and  Thomas  B.  Fitzpatrick,  Clinical  and  e.xiieri- 
mental  studies  with  8-methoxypsoralen  in  vitiligo, 
J.  Invest.  Dermat.,  20:299-314,  1953). 
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The  subject  of  photosensitization  and 
photosensitizers  is  well  reviewed  in  a  mono¬ 
graph  by  Blumd® 

10.  H.  F.  Blum,  Photodynamic  action  and  dis¬ 
eases  caused  by  light  (“American  Chemical  Society 
monograi)h  series”)  (New  \  ork:  Reinhold  Publishing 
Corp.,  1941). 
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I.  INTRODUCTION 

duces  the  various  signs  and  symptoms  found 


AN  ENZYME  may  be  defined  as  a  jirotein 
A  which  acts  as  a  catalyst  in  the  regula¬ 
tion  of  metabolic  processes.  Because  the 
rate  of  metabolic  reactions  may  determine 
whether  a  normal  or  abnormal  process  oc¬ 
curs,  the  study  of  enzymes  is  an  important 

At  the  present  time  it  is  difficult  to  cor¬ 
relate  the  clinical  findings  of  disease  states 
with  changes  in  enzymic  activities.  lor 
example,  in  cirrhosis  of  the  liver  it  is  not  yet 
possible  to  describe  the  enzyme  systems 
affected  or  explain  how  their  alteration  pro¬ 


in  that  disease.  However,  in  a  few  instances, 
it  is  possible  to  explain  the  mechanism  of 
altered  function  on  the  basis  of  enzyme  in¬ 
hibition.  For  example,  symptoms  of  para¬ 
sympathetic  stimulation  resulting  from  the 
administration  of  drugs,  such  as  dnsopro- 
pyl  fluoroi)hosi)hate,  can  be  correlated  with 
the  inhibition  of  cholinesterase  by  die  drug, 
leading  to  acetylcholine  accumulation. 

A  full  understanding  of  an  enzymic  proc¬ 
ess  often  is  not  achieved  until  experimenta¬ 
tion  has  been  carried  out  both  m  vitro  am 


564 


Enzymes 


565 


in  vivo.  Frequently  the  experiment  in  the 
test  tube  does  not  simulate  the  i)hysiologic 
state.  In  contrast,  experiments  with  the 
intact  animal  do  not  provide  sufficient  data 
to  reveal  the  biochemical  mechanism  of 
a  reaction.  Hence  several  studies  must 
be  carried  out  in  order  to  understand  the 
normal  and  abnormal  {)hysiologic  states  in 
man. 

In  the  following  discussion  the  factors 
which  control  enzyme  activity  in  general 
will  be  presented  briefly.  Next,  enzymes  in¬ 
volved  in  energy-producing  reactions  within 


the  cell  will  be  considered.  These  reactions 
provide  the  necessary  energy  for  cells  to 
carry  out  their  s|)ecial  metabolic  activities. 
Finally,  enzymes  concerned  with  s{)ecialized 
activities  will  be  discussed.  Most  of  the 
enzymic  activities  to  be  considered  are  lo¬ 
cated  in  the  cellular  cytoplasm.  The  nucleus 
contains  relatively  little  of  these  activities. 
Whereas  the  nucleus  seems  to  be  concerned 
primarily  with  cellular  reproduction,  it  is  in 
the  cytoplasm  that  reactions  occur  to  supply 
the  energy  and  compounds  necessary  for 
nuclear  function. 


II.  F.\CTORS  CONTROLLING  ENZYME  .ACTIVITY 


While  all  enzymes  are  proteins,  they  vary 
greatly  in  chemical  com{)osition.  Some  en¬ 
zymes  are  shown,  on  dialysis,  to  be  bound  to 
cofactors  or  coenzynies.  These  coenzymes 
may  be  heavy  metals  like  zinc,  iron,  copper, 
or  a  derivative  of  a  vitamin,  such  as  ribo¬ 
flavin,  niacin,  thiamine,  or  pantothenic  acid. 
To  act  catalytically,  the  protein  must  be 
present  as  a  comiflex  with  its  particular  co¬ 
enzyme.  Thus  enzyme  activity  is  often 
greatly  influenced  by  the  presence  of  trace 
metals  or  vitamin  derivatives. 

Hormones  given  in  vivo  can  influence  the 
rate  of  certain  metabolic  reactions.  The 
mechanism  of  this  type  of  action  is  un¬ 
known.  It  has  been  suggested  that  hor¬ 
mones  exert  their  influence  by  acting  in¬ 
directly  and  not  directly  upon  the  enzymes 
which  catalyze  the  jiarticular  reaction  in 
question. 

In  the  presence  of  an  excess  of  its  sub¬ 
strate  and  within  limits,  the  rate  of  a  reac¬ 
tion  is  a  direct  function  of  the  enzyme  con¬ 
centration: 

Velocity  =  k  (enzyme). 

Other  factors  which  influence  enzymic  ac¬ 
tivity  in  vitro  and  which  may  be  of  great  im¬ 
portance  in  regulating  the  rates  of  reactions 

HI.  ENERGY-PRODUCING 

Most  of  the  energy  for  metabolic  function 
results  from  the  jffiysiologic  breakdown  of 
carbohydrate,  fat,  and  protein.  Since  an 


in  the  intact  animal  are  temperature,  pH, 
ionic  strength,  and  oxidation-reduction  po¬ 
tentials.  Usually  the  higher  the  temperature, 
the  faster  the  rate  of  reaction.  However, 
when  temperatures  of  about  55°  C.  are 
reached,  heat  denaturation  of  the  enzyme 
occurs,  with  a  resultant  slowing  in  reaction 
rate.  Most  enzymic  activities  are  greatly 
dependent  upon  pH.  In  general,  the  pH 
range  6. 8-7. 4  appears  to  be  optimal  for  ac¬ 
tivity,  although  some  enzymic  processes  re¬ 
quire  either  low  or  high  pH  values  for  opti¬ 
mal  action.  The  ionic  strength  of  the  media 
is  frequently  an  important  factor.  For  nu¬ 
merous  enzymic  processes  involving  oxida¬ 
tion  and  reduction,  the  oxidation-reduction 
potential  of  the  system  determines  the 
feasibility  of  a  reaction. 

In  addition  to  the  above  factors,  some 
unknown  factors  are  present  which  regulate 
enzymic  activity  in  tissues.  Some  enzymes — 
for  example,  tyrosinase  and  hyaluronidase — 
exist  in  tissues  in  an  inhibited  or  bound 
state.  Under  the  proper  stimulus,  such  as 
radiant  energy  for  tyrosinase  and  inflamma¬ 
tion  for  hyaluronidase,  the  activities  may 
become  very  great.  The  mechanism  by 
which  the  enzymes  are  kept  in  the  inhibited 
state  in  tissues  is  not  clearly  understood. 

METABOLIC  .ACTIVITIES 

ordinary  diet  usually  contains  over  50  per 
cent  carbohydrate,  the  major  portion  of  the 
energy  requirements  of  normal  tissues,  in- 
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eluding  skin,  comes  from  carbohydrate.  For 
this  reason  carbohydrate  metabolism  will  be 
considered  in  greater  detail  than  that  of  fat 
and  protein. 

-A.  GLYCOLYSIS 

By  ‘‘glycolysis”  is  meant  the  physiologic 
breakdown  of  carbohydrate  to  lactic  acid, 
'riie  oYer-all  reaction  may  be  written  as 
follows: 

CeHioOo  - 2('H3rHCOOH 

I 

OH 

Glucose  Lactic  acid 

Glycolysis  provides  energy  to  cells  under 
anaerobic  conditions  through  the  formation 
of  utilizable  high-energy  iihosjihate  groups. 
In  a  large  number  of  metabolic  reactions  a 
common  reactant,  adenosine  triphosphate 
(.\TP)  or  some  other  phosphate  compound, 
is  used.  Since  much  energy  is  liberated  in  the 
hydrolysis  of  a  phosphate  group  from  ATP, 
the  term  ‘‘high-energ>^  phosphate”  is  used  to 
designate  this  group.  In  the  conversion  of  1 
mole  of  glucose  to  lactic  acid,  there  is  a  net 
gain  of  2  moles  of  utilizable  high-energy 
jihosphate.  The  energy  obtained  from  these 
phosphate  groujis  is  used  for  various  biologic 
processes,  such  as  contraction  of  muscle, 
activity  of  sebaceous  and  sweat  glands,  and 
formation  of  keratin  and  collagen. 

E.xperimental  work  done  mostly  with  tis¬ 
sues  other  than  skin— for  examjile,  muscle- 
showed  that  twelve  major  chemical  reac¬ 
tions  occur  in  the  conversion  of  glycogen  via 
glucose-1 -phosfihate  to  jiyruvate  and  then 
to  lactate.  Each  reaction  is  reversible,  and 
each  is  catalyzed  by  a  specific  enzyme.  Re¬ 
cent  evidence  points  to  the  occurrence  of 
three  of  these  enzymes  in  the  skin  of  man 
and  rats,  namely,  hexokinase,  triosejihos- 
jihate  dehydrogenase,  and  enolase  (19,  6). 
It  has  been  concluded  that  glycolysis  iiro- 
ceeds  in  skin  as  it  does  in  other  tissues  m 
accordance  with  the  reactions  shown  in 

Table  1 .  .... 

The  vitamins  riboflavin  and  nicotinamide 

serve  as  cofactors  for  some  of  the  enzymes 
having  a  role  in  glycolysis. 


B.  AEROBIC  METABOLISM  OF  CARBO¬ 
HYDRATE,  FAT,  AND  PROTEIN 

As  seen  in  Table  1,  glycolysis  results  in 
the  anaerobic  conversion  of  glycogen  and 
glucose  to  lactate  with  the  production  of 
energy.  Next,  jiyruvate  is  oxidized  by  a 
series  of  reactions  to  produce  apjiroximately 
fifteen  times  more  energy  than  that  resulting 
from  glycolysis.  At  this  stage,  as  well  as  the 
following  one,  in  which  acetate  results  from 
the  breakdown  of  pyruvate,  the  oxidation  of 
fat  and  protein  follows  the  same  course. 
That  is,  fat  and  protein  are  partially  con¬ 
verted  to  pyruvate  and  acetate;  and  these 
substances,  together  with  the  pyruvate  and 
acetate  produced  from  glycolysis,  are  oxi¬ 
dized.  The  sequence  of  reactions  by  which 
pyruvate  and  acetate  are  converted  to  car¬ 
bon  dioxide  and  water  is  called  the  “Krebs 
citric  acid  cycle.”  In  this  cycle,  acetate  with 
its  2  carbon  atoms  is  not  oxidized  as  such 
but  first  undergoes  condensation  with  oxalo- 
acetate  to  form  a  new  comiiound.  The  new 
compound  during  one  complete  turn  of  the 
cycle  is  oxidized  to  2  molecules  of  carbon 
dioxide  and  water,  while  oxaloacetate  re¬ 
mains  as  the  residue.  In  other  words,  the 
equivalent  of  1  molecule  of  acetate  is  oxi¬ 
dized  while  a  molecule  of  oxaloacetate  is  re¬ 
generated  at  each  complete  turn  of  the  cycle 
and  is  ready  to  combine  with  another  ace¬ 
tate  molecule  (see  also  pp.  473  ff.). 

As  in  the  glycolytic  reactions,  enzymes 
regulate  the  rate  of  each  step  in  the  Krebs 
cycle.  Chemical  derivatives  of  the  vitamins 
thiamine,  riboflavin,  nicotinamide,  pyridox- 
ine,  and  jiantothenic  acid  act  as  coenzymes 
in  this  oxidative  phase  of  metabolism.  In 
some  reactions,  including  those  of  the  gly¬ 
colytic  phase,  more  than  one  of  these  vita¬ 
mins  is  involved.  This  fact  may  account  for 
the  overlajijiing  of  clinical  signs  and  symp¬ 
toms  of  the  avitaminoses. 

It  would  seem  that  the  oxidative  metabo¬ 
lism  of  most  animal  tissues  proceeds  via  the 
Krebs  citric  acid  cycle.  Because  these  reac¬ 
tions  probably  occur  in  skin,  most  of  the 
cycle  has  been  outlined  in  I  able  1.  Experi¬ 
mental  evidence  for  the  occurrence  of  these 
reactions  in  skin,  although  less  extensive 


TABLE  1 

Energy  Metabolism  of  Carbohydrates, JFats,  and  Amino  Acids 


Glycogen  +  phosphate 


Cytochrome 

Systems 


(Hexokinase) 

Glucose  -f  ATP  Glucose-6-phosphate 


Anaerobic  Phase 
(Phosphorylase)  (Glycolysis) 


Glucose-l-phosphate 

(Phosphoglucomutase) 


Lactate 


(Lactic  dehydrogenase) 


(Phosphohexoisomerase) 
Fructose-6-phosphate 

(Phosphohexokinase) 

Fructose  1,6-diphosphate 
(Aldolase) 

Glyceraldehyde-3-phosphate 

(Triosephosphate  dehydrogenase) 

1,3  Diphospho-D-glycerate 

(ATP-Phosphoglyceric  transphosphorj'lase) 
3  Phospho-D-glycerate 

(Phosphoglyceromutase) 

2  Phospho-D-glycerate 
(Enolase) 

Phosphoenol  pyruvate 

(A  FP-Phosphopyruvate  transphosphorylase) 


Pyruvate 

I 


(Pyruvic  dehydrogenase) 
•CO, 


Aerobic  Phase 


Acetate 

2C 


Oxaloacetate 


CO, 


4C 
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than  that  established  for  other  tissues,  con¬ 
sists  of  the  following  points: 

1.  Citric  acid,  a  component  of  the  Krebs 
cycle,  is  present  in  human  sweat  (33). 

2.  The  addition  of  pyruvate,  succinate, 
and  possibly  a-ketoglutarate  to  rat  skin 
slices  increases  the  oxygen  uptake  (6).  These 
compounds  take  part  in  the  cycle. 

3.  Pyruvic  dehydrogenase,  a  thiamine- 
containing  enzyme  required  at  the  begin¬ 
ning  of  the  cycle,  is  present  in  animal  skin 
(6,  59,  49).  Succinodehydrogenase,  a  sulf- 
hydryl  enzyme  required  in  the  cycle,  is 
])resent  in  rat  skin  (6). 

4.  The  vitamins  thiamine,  riboflavin, 
nicotinamide,  and  pantothenic  acid,  which 
are  coenzymes  in  the  cycle,  are  ])resent  in 
appreciable  amounts  in  human  skin  (epi¬ 
dermis  and  dermis)  (34).  Their  concentra¬ 
tion  in  skin  is  in  the  same  relative  order  as  in 
muscle  and  liver. 

On  the  other  hand,  Barron  et  at.  (6)  do 
not  believe  that  the  Krebs  citric  acid  cycle 
represents  the  reactions  in  skin.  They  sug¬ 
gest,  instead,  a  modified  series  of  reactions 
linking  the  oxidation  of  succinate  more  di¬ 
rectly  with  that  of  pyruvate.  Their  conclu¬ 
sions  are  based  on  the  following  findings: 

1.  Citrate  added  to  rat  skin  slices  did  not 
increase  oxygen  uptake,  as  might  be  ex¬ 
pected  if  citrate  were  utilized  by  skin. 

2.  Aconitase  was  detected  only  in  very 
small  amounts  with  rat  skin  extracts,  and 
isocitric  dehydrogenase  was  not  found  at  all. 
These  enzymes  are  required  in  the  cycle  (p. 

■i'S).  ...VI-  1 

The  lack  of  citrate  utilization  by  skin  and 

the  absence  of  aconitase  and  isocitnc  de¬ 
hydrogenase  are  negative  findings.  In  the 
study  of  intermediary  metabolism,  definite 
conclusions  cannot  be  drawn  from  negative 
findings  because  some  unknown  factor  may 
be  present  in  the  tissues  which  prevents  the 
reaction  from  occurring.  For  example,  it  was 
once  assumed  that  tyrosinase  was  not  pres¬ 
ent  in  human  skin  because  tyrosine  did  not 
form  melanin  in  skin  slices.  Recently  it  was 
shown  that  tyrosinase  is  present  in  skin  in  an 
inhibited  state,  and  steps  must  be  taken  to 
“activate”  tyrosinase  so  that  tyrosine  can 


be  converted  to  melanin  (24).  Many  similar 
examples  can  be  found,  especially  with  re¬ 
gard  to  carbohydrate  metabolism.  Although 
Barron  may  be  correct  in  jiostulating  that 
the  Krebs  citric  acid  cycle  does  not  occur  as 
such  in  skin,  the  subject  requires  further  in¬ 
vestigation.  Until  proved  otherwise,  the 
most  workable  hypothesis  is  that  the  Krebs 
cycle  represents  the  main  oxidative  jihase  of 
skin  metabolism,  as  shown  in  Table  1.^ 

C.  CYTOCHROME  SYSTEMS 

All  living  cells  of  mammalian  origin  con¬ 
tain  cytochrome  systems.  The  cytochromes 
function  biologically  as  electron-transport¬ 
ing  mechanisms  in  the  oxidative  reactions  of 
the  Krebs  cycle,  as  well  as  in  many  other 
oxidative  reactions,  and  probably  also  in 
phosphate  metabolism  as  related  to  glycoly¬ 
sis.  It  is  through  the  cytochrome  system 
that  the  final  step  of  the  reactions  takes 
place.  Electrons  pass  in  order  through  cyto¬ 
chromes  b,  c,  a,  and  cytochrome  oxidase  to 
oxygen.  The  cytochrome  system  consists 
of  three  distinct  parts:  (1)  the  cytochrome 
pigments,  which  are  heme-protein  complex¬ 
es;  (2)  the  cytochrome  reductases,  which 
are  enzymes  that  reduce  the  cytochrome 
pigments  (some  of  the  cytochrome  re¬ 
ductases  contain  riboflavin  compounds) , 
and  (3)  cytochrome  oxidase,  an  iron-  or 
copper-containing  enzyme,  or  enzymes, 
which  catalyze  the  oxidation  of  the  reduced 
cytochrome  pigments. 

The  term  “cytochrome  reductase”  is  a 
general  one  and  refers  to  anaerobic  de¬ 
hydrogenases  of  which  succinodehydrogen¬ 
ase  is  an  example.  The  series  of  reactions 
shown  on  the  facing  page  illustrates  the 
mechanism  of  action  of  the  cytochrome  sys¬ 
tem. 

Hydrogen  atoms  removed  from  various 
substrates,  such  as  succinic  acid,  by  specific 
dehydrogenases  are  eventually  converted  to 
hydrogen  ions,  through  the  action  of  various 
coenzymes,  and  to  electrons,  ddie  electrons 
are  passed  through  the  cytochrome  system 
and  eventually  operate  to  convert  molecular 

1.  Sec  a  (lilTerenl  view  represented  in  chap.  19- 
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oxygen,  in  the  presence  of  water,  to  hydrox¬ 
yl  ions.  The  oxidations  of  the  Krebs  cycle 
(Table  1)  are  brought  about  in  this  manner. 

It  has  been  shown  that  cytochrome  c 
is  decreased  about  30  per  cent  in  trans¬ 
planted  squamous-cell  carcinoma  derived 
from  mouse  epidermis  by  application  of 
methylcholanthrene  (15,  16).  This  is  in 
agreement  with  the  observation  that  the 
cytochrome  c  content  of  neoplastic  tissue  is 
less  than  that  in  the  tissue  of  origin  (29). 
However,  mouse  skin  treated  with  methyl¬ 
cholanthrene  showed  normal  cytochrome  c 

In  the  Krebs  cycle  succinate  is  converted  to  fumarate: 

HOOCCH2CH2COOH  +  succino-dehydrogenase  - 

succinate  ^ 

reduced  succino-dehydrogenase  -f-  cytochrome  C _ _ 


D.  OXYGEN  UPTAKE  OF  SKIN 
The  determination  of  oxygen  consumj)- 
tion  by  a  given  amount  of  tissue  under  con¬ 
trolled  conditions  of  temperature,  jtH, 
electrolyte  concentration,  and  pressure  is  a 
relatively  simple  measurement  which  can  be 
carried  out  on  tissue  slices  or  extracts.  Sev¬ 
eral  reports  have  been  made  concerning  the 
oxygen  consumption  of  human  skin  slices, 
as  well  as  those  from  mice,  rats,  and  rabbits 
(37,  1,  9,  4,  43).  To  a  large  extent  the  oxygen 
uptake  is  a  reflection  of  the  Krebs  citric  acid 
cycle  activity.  However,  oxygen  is  utilized  in 


HOOCCH  =  CHCOOH  -|- reduced  succino-dehydrogcnasc 
fumarate 

•s 

\ 

succino-dehydrogenase  -f-  reduced  cytochrome  C 


reduced  cytochrome  C  -f  cytochrome^xidase  - ►  cytochrome  C  -f  reduced  cytochrome  oxidase 


reduced  cytochrome  oxidase  -|-  ^  cytochrorne  oxidase  -f-  IKO 


Net  result; 


succinate  -|-  • 


fumarate  -f  11.0 


V'alues  prior  to  the  develojmicnt  of  neoplas¬ 
tic  tissue. 

In  late  (but  not  early)  hyperplasia  jtro- 
duced  by  methylcholanthrene  the  cyto¬ 
chrome  oxidase  content  of  skin  was  almost 
double  that  of  normal  and  squamous-cell 
carcinoma.  On  the  other  hand,  the  succinic 
dehydrogenase  content  of  the  squamous¬ 
cell  carcinoma  was  twice  that  of  the  normal 

and  methylcholanthrene-treated  skin. 

Cytochrome  c  from  mouse  epidermis,  un- 
ike  that  from  other  tissues,  is  associated 
with  another  substance  from  which  it  cannot 
be  separated  by  adsorption  with  aluminum 
oxide  (16).  It  IS  iiossible  that  cytochrome  c 

in  human  epidermis  may  also  exist  in  a 
bound  state. 


other  phases  of  metabolism,  including  the 
oxidation  of  some  amino  acids  and  fats,  as 
well  as  the  completion  of  glycolysis  via  the 
cytochrome  system. 

The  Qo^  (oxygen  ujitake  in  cubic  milli¬ 
meters  per  milligram  of  dry  tissue  per  hour) 
for  whole  rat  skin  from  fetus  to  7-day-old 
animal  ranges  between  3.6  and  7.3  (6).  After 
7  days  the  Qq,  drojis  abruptly  to  about  0.8 
and  remains  unchanged  thereafter.  The  Q,. 
varies  somewhat  with  the  strain  of  rats  as 
well  as  with  the  site  from  which  the  skin  is 
obtained.  O.xygen  is  taken  up  in  order  of  de¬ 
creasing  magnitude  from  the  skin  over  ab¬ 
domen,  scapula,  and  sacrum.  For  fetal  hu¬ 
man  skin  Hie  Qo,  was  about  1.8  and  for  adult 
human  skin  about  1.6  (6). 


TABLE  2 

Skin  Enzymes  and  Reactions  Inhibited  by  Vesicating  Agents 
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In  addition  to  the  decreased  oxygen  up¬ 
take  of  adult  skin  as  compared  with  fetal 
skin,  there  is  a  marked  decrease  in  glycolysis 
— about  a  fourfold  decrease  in  rat  skin  and 
about  a  two  and  one-half  fold  decrease  in 
human  skin  (6).  The  decreased  oxygen  uj)- 
take  and  anaerobic  glycolysis  of  skin  from 
the  adult  as  compared  with  that  of  the  fetus 
are  possibly  due  to  the  presence  of  relatively 
inactive  connective  tissue,  collagen,  and 
keratin,  which  increase  with  age. 

The  respiration  of  whole  adult  skin  is 
about  one-third  to  one-sixth  that  of  brain, 
muscle,  or  liver.  However,  if  allowance  is 
made  for  the  relatively  large  amount  of  in¬ 
active  dermis  and  stratum  corneum,  which 
together  make  up  80-95  per  cent  of  whole 
skin,  so  that  only  the  main  cellular  portion 
of  the  epidermis  is  considered,  skin  is  ap¬ 
proximately  two  to  ten  times  as  active  as 
other  tissues.  Unfortunately,  there  are  no 
studies  on  the  oxygen  uptake  of  separated 
epidermis  and  dermis.  It  is  likely  that  the 
Qoi  of  isolated  epidermis  (which  is  ordinarily 
actively  proliferating)  is  significantly  higher 
than  the  values  now  given  for  whole  skin. 

A  correlation  of  oxygen  uptake  of  skin 
with  physiologic  changes  has  not  been  ad¬ 
vanced  except  in  the  study  of  vesicants.  A 
single  report  (4)  indicates  that  cosmetic  lo¬ 
tions  and  creams  applied  to  human  skin  de¬ 
press  the  oxygen  uptake;  but  the  signifi¬ 
cance  of  this  finding  is  not  yet  known. 

E.  ENZYMES  AND  VESICATION" 

The  relationship  of  vesicating  agents  to 
skin  enzymes  was  studied  during  W  orld  W  ar 
II.  It  was  thought  that  a  vesicant  inhibited 
some  enzyme  essential  for  normal  metabo¬ 
lism  and  that  the  steps  leading  to  blister 
formation  were  initiated  by  this  inhibition. 
Results  found  are  summarized  in  Table  2. 
Most  of  the  toxic  vesicants  bind  sulfhydryl’ 
groups.  The  sulfhydryl-containing  enzymes 
— he.xokmase  and  triosephosphate  dehydro¬ 
genase  of  the  glycolytic  system  and  succino- 
dehydrogenase  of  the  Krebs  cycle-are  in¬ 
hibited  by  vesicants  (19,  6).  In  addition 
pyruvate  oxidation,  which  iirobably  repre- 

2.  See  also  chaj).  28. 


sents  Krebs  cycle  activity,  is  inhibited  (59, 
6,  49).  Hence,  it  can  be  seen  that  vesicating 
agents  block  the  anaerobic  and  aerobic 
phases  of  carbohydrate  metabolism  and  part 
of  the  aerobic  phase  of  fat  and  protein  me¬ 
tabolism.  It  is  hojied  that  future  studies  will 
show  how  the  inhibition  of  energy  metabo¬ 
lism  by  vesicating  agents  induces  a  chain  of 
secondary  alterations  in  metabolism  which 
is  associated  with  separation  within  the  ejii- 
dermis  or  with  separation  of  the  ejiidermis 
from  the  corium  (chaj).  28). 


F.  CONCLUSIONS 


There  is  good  evidence  that  the  main 
steps  in  energy  metabolism  in  the  skin  pro¬ 
ceed  as  in  other  tissues,  namely,  by  glycoly¬ 
sis  of  carbohydrates;  oxidation  of  the  prod¬ 
ucts  of  glycolysis,  fats,  and  amino  acids  via 
the  Krebs  citric  acid  cycle;  and,  finally,  a 
transfer  of  electrons  through  the  cytochrome 
system  to  molecular  oxygen.  The  evidence 
supporting  this  conclusion  was  presented  in 
detail  because  of  the  importance  of  the  sub¬ 
ject.  These  energy  reactions  make  possible 
the  specialized  metabolic  cytoplasmic  reac¬ 
tions  discussed  in  the  next  section,  which,  in 
turn,  regulate  the  jihysiologic  processes  of 
skin.  Energy  obtained  from  a  given  com¬ 
pound,  such  as  glucose,  is  not  produced  by 
the  direct  oxidation  of  the  substance  but 
rather  by  detailed  cyclic  processes  with  nu¬ 
merous  checks  and  balances.  In  many  steps 
common  reactants,  such  as  ATP  and  cyto¬ 
chrome  oxidase,  are  used  in  a  large  number 
of  reactions.  The  vitamins  of  the  B  complex 
serve  as  coenzymes  for  many  of  the  enzymes 
in  these  energy  reactions.  The  overlapjiing 
of  the  clinical  features  of  the  avitaminoses 
probably  results  from  the  impairment  of  all 
reactions  past  the  point  where  a  given  vita¬ 
min  plays  its  role. 


of  inert  stratum  corneum  and  dermis  is 
more  active  in  tlie  utilizailion  of  oxygen  tliaii 
other  tissues.  It  has  not  lieen  shown  how  the 

activity  varies  with  the  different  cell  types 
in  skin. 


Vesicating  agents 
hydryl  groujis  and 


,  in  general,  bind  sulf- 
inactivate  enzymes  re- 
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quiring  such  groups  for  activity.  These  separation  of  cells  or  cell  layers  which  leads 
agents  block  glycolysis  and  the  Krebs  cycle,  to  the  formation  of  blisters  is  at  present  un- 
but  the  relation  of  these  inhibitions  to  the  known. 


IV.  SPECIALIZED  METABOLIC  ACTIVITIES 


The  normal  physiologic  state  of  man  de- 
jiends  upon  the  integration  of  the  s])ecific 
functions  performed  by  various  types  of 
cells.  The  energy  for  these  metabolic  activi¬ 
ties  is  provided  by  the  reactions  described 
earlier.  In  the  following  sections  certain 
established  enzymic  reactions  of  special  in¬ 
terest  will  be  discussed. 

A.  HYALURONIDASE^ 

The  enzyme  hyaluronidase  catalyzes  the 
hydrolysis  of  hyaluronic  acid,  a  viscous  mu¬ 
copolysaccharide  with  a  molecular  weight 
between  200,000  and  500,000,  made  up  of 
units  of  glucuronic  acid  and  N-acetyl  glu¬ 
cosamine  (41). 


in  some  cases  of  pemphigus  (27)  resulted  in 
bulla  formation,  whereas  injection  of  in¬ 
activated  hyaluronidase  or  saline  did  not. 
These  results  were  not  reproducible  con¬ 
sistently.  Most  of  the  patients  with  pem¬ 
phigus  did  not  show  the  reaction;  and  in 
those  who  did,  not  all  areas  of  skin  tested 
gave  a  positive  reaction. 

As  far  as  is  known,  hyaluronidase  has  no 
effect  on  formed  collagen.  However,  recent 
studies  show  that  this  enzyme  can  bring 
about  the  development  of  abnormally  thin 
fragmented  fibers  in  cultures  of  chick  em¬ 
bryo  fibroblasts  (38). 

The  action  of  hyaluronidase  as  measured 
by  diffusion  of  injected  India  ink  is  de- 
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Antihistaminic  agents  inhibit  hyaluroni 
dase  activity  and  may  reduce  the  dermal 
response  in  some  inflammatory  conditions 
through  their  antihyaluronidase  effect  rath¬ 
er  than  through  their  antihistaminic  action. 

The  mucinolytic  action  of  hyaluronidase 
is  markedly  increased  by  nitrogen  mustard 
in  vitro  (17).  It  has  been  suggested  that 
mustard  may  inactivate  a  natural  inhibitor 
of  hyaluronidase. 

Because  hyaluronidase  increases  the  per¬ 
meability  of  skin  to  many  substances, 
knowledge  concerning  its  relationship  to 
Demphigus  has  been  sought.  It  was  found 
that  intradermal  injections  of  hyaluronidase 

3  This  enzyme  has  been  dealt  with  on  pp. 
428-33;  only  a  few  additional  data  are  listed  her  . 


creased  in  rabbits  given  one  parenteral  dose 
of  cortisone  (46,  30,  31).  Contrariwise,  there 
is  an  increased  diffusion  of  injected  India  ink 
in  the  skin  of  rabbits  following  the  local  ap¬ 
plication  of  cortisone,  desoxycorticosterone, 
or  progesterone  for  5  months  (v30,  .31). 

B.  PROTEINASES 

It  is  well  known  that  proteins  are  formed 
in  the  skin.  Keratin  is  constantly  being 
synthesized  by  epidermal  cells.  Collagen  and 
elastin  are  formed,  perhaps  at  a  slower  rate, 
by  cells  in  the  dermis.  Protein  catabolism  or 
breakdown  parallels  the  process  of  synthe¬ 
sis.  To  carry  out  these  reactions  of  synthesis 
and  degradation,  enzymes  must  be  presen 
in  the  skin  capable  of  catalyzing  the  com 
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bination  of  amino  acids  and  the  hydrolysis 
and  degradation  of  proteins. 

A  proteolytic  enzyme  was  demonstrated 
in  the  skin  of  man,  rabbit,  guinea  pig,  and 
rat  by  Beloff,  Peters,  and  Neville-Jones  (8, 
44).  This  enzyme  is  partially  extractable 
from  skin  and  has  an  optimal  activity  at  pH 
7.5.  It  is  different  from  trypsin  and  chy mo- 
trypsin  in  specificity.  Beloff  and  Peters  (8) 
and  Zamecnik,  Stej)henson,  and  Cope  (66) 
showed  that  a  second  proteolytic  enzyme 
was  present  in  extracts  of  rat  and  dog  skin, 
as  well  as  in  blister  fluid  from  human  burns. 
This  enzyme  is  capable  of  hydrolyzing  the 
synthetic  tripeptide,  </,Meucyl-glycyl-gly- 
cine.  It  was  suggested  that  this  enzyme  be 
called  “aminoexopeptidase.”  Skin  protein¬ 
ase  has  been  shown  to  liberate  Menkin’s 
leucotaxine  (p.  100)  from  proteins  (18)  (see 
also  p.  704). 

Skin  proteinase  may  be  associated  with 
vesication.  The  proteinase,  aminoexo{)epti- 
dase,  has  been  found  to  show  a  sharp  in¬ 
crease  in  the  lymph  drainage  from  a  burned 
area  of  a  dog’s  extremity  (66).  The  i>rotein- 
ase  content  in  rat  skin  decreased  after  ex¬ 
posure  to  heat,  presumably  as  a  result  of  the 
passage  of  the  enzyme  into  the  circulation 
(8).  The  proteinase  may  be  released  from 
the  skin  cells  following  destruction  of  the 
cell  membrane  so  as  to  initiate  the  loosening 
of  the  epidermis  prior  to  blister  formation. 
This  view  is  consistent  with  Medawar’s  flnd- 
ings  that  digestion  of  human  skin  with  crude 
trypsin  will  result  in  separation  of  the  epi¬ 
dermis  from  the  dermis  (40).  The  skin 
proteinase  of  Beloff  and  Peters  is  about  25 
per  cent  inactivated  by  e.xposure  to  70°  C. 
for  5  minutes— a  temperature  which  usually 
damages  the  skin  in  less  than  1  minute. 
Perhaps  heat  releases  the  enzyme  in  an  ac¬ 
tive  form  from  its  normal  site.  Although 
these  enzymes  may  have  a  marked  local 
action  in  the  skin,  their  release  into  the  gen¬ 
eral  circulation  may  not  be  dangerous,  be¬ 
cause  blood  contains  a  sijecific  antiimo’tein- 
ase,  which  is  associated  with  the  most  solu¬ 
ble  albumin  fraction  of  i)lasma  (7). 

It  might  be  well  to  mention  briefly  the 


collagenases  and  keratinases,  although  these 
enzymes  have  not  been  found  in  human 
skin.  Maschmann^'  claimed  that  Closlridimn 
welchii  elaborates  an  enzyme  which  splits 
collagen.  This  enzyme,  which  was  named 
“collagenase,”  may  be  associated  with  the 
loss  of  muscular  function  resulting  from  col¬ 
lagen  destruction  in  clostridium  infections. 
Collagenase  is  obtained  from  culture  fil¬ 
trates  of  Cl.  welchii,  type  A,  as  well  as  from 
other  types  of  clostridia  (21,  11,  12).  It  is 
said  to  cause  the  solution  of  native  collagen, 
to  catalyze  the  hydrolysis  of  degraded  col¬ 
lagen  in  hide  powder,  and  to  soften  muscle. 
The  mere  presence  of  this  enzyme  in  bac¬ 
teria  has  been  enough  to  stimulate  curiosity 
concerning  its  relationship  to  the  dermis  in 
infections  and  its  possible  occurrence  in 
normal  skin.^  Papain  is  another  enzyme 
which  can  attack  native  collagen  (14). 

Stoughton  and  Lorincz  (58)  have  demon¬ 
strated  that  normal  human  serum  albumin 
has  an  anticollagenase  action,  whereas  the 
globulin  fraction  does  not.  Preliminary 
studies  showed  that  three  patients  with 
lupus  erythematosus  and  one  with  dermato- 
myositis  had  decreased  anticollagenase  ac¬ 
tivity  in  their  serum. 

Several  enzymes  obtained  from  such 
varied  sources  as  fungi,  pineapples,  moths, 
etc.,  can  catalyze  the  breakdown  of  keratin 
from  skin,  hair,  or  nails  (48,  51)  (p.  359). 


C.  TYROSINASE 

Tyrosinase,  which  requires  copper  for  ac¬ 
tion,  is  present  only  in  the  melanocytes  of 
skin,  the  ciliary  body,  and  some  structures 
of  the  central  nervous  system.  This  enzyme 
is  necessary  for  normal  melanin  formation; 
it  catalyzes  the  oxidation  of  tyrosine  to  doj)a 
and  then  the  oxidation  of  dopa  to  substances 
which  eventually  form  melanin  (35,  36)  (see 
chap.  22). 


TV  ^  I  '  Uber  Bakterienproteascn.  IX. 

le  .Vnaerobiase  der  Gasbranderreger,  Biochem 
Ztschr.,  297:284-96,  1938. 

-■>.  'Hiclher  “collagenase”  primarily  attacks  col- 
39?and  43V'  discussed  on  pp. 
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D.  ARGINASE 

Arginase,  which  is  found  principally  in 
liver,  catalyzes  the  hydrolytic  sj)litting  of 
the  amino  acid  arginine  to  ornithine  and 
urea.  This  enzyme  requires  manganese  for 
activity. 


arginase  was  present  in  low  concentration. 

Roberts  and  Frankel  (55)  compared  the 
arginase  content  of  normal  mouse  epidermis 
with  mouse  squamous-cell  carcinoma  and 
with  mouse  epidermis  treated  with  pure 
benzene  and  with  benzene  containing  meth- 
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Formerly  it  was  assumed  that  the  urea 
deposited  on  the  skin  in  normal  and  uremic 
states  was  a  derivative  of  blood  urea.  How¬ 
ever,  when  it  became  known  that  high  con¬ 
centrations  of  urea  and  preformed  ammonia 
were  present  in  human  and  mouse  skin  and 
that  human  sweat  contained  urea,  arginine, 
and  ornithine,  the  possibility  arose  that  skin 
might  contain  arginase  and  that  urea  might 
be  formed  directly  in  skin  (54,  56).  This  pos¬ 
sibility  became  a  reality  recently,  when  it 
was  shown  that  arginase  is  present  in  skin, 
although  only  in  the  epidermis,  and  that  the 
optimum  pH  for  activity  was  10  —the  same 
as  that  for  liver  arginase  (47,  39,  52,  55,  62, 
63).  If  human  epidermal  arginase  activity  be 
designated  as  100,  then  that  of  other  ani¬ 
mals  is  as  follows;  mice  33,  rats  7,  rabbits 
0.7,  and  turtles  0.  Van  Scott  (62, 63)  showed 
that  in  human  skin  nearly  all  the  arginase  is 
present  in  the  prickle-  and  granular-cell 
layers,  little,  if  any,  activity  being  found  in 
the  basal-cell  layer  or  dermis.  Arginase  was 
found  in  high  concentration  in  sections  of 
skin  from  warts  and  in  psoriasis  lesions,  in 
which  conditions  the  prickle-cell  layer  is 
thickened.  In  seborrheic  keratoses  and  basal¬ 
cell  carcinomas,  in  which  there  is  a  prolifer¬ 
ation  of  basal  cells  but  not  of  prickle  cells. 
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ylcholanthrene.  Pure  benzene  produced  a 
slight  increase  in  arginase  content.  Three 
paintings  with  methylcholanthrene  in  ben¬ 
zene  resulted  in  a  marked  increase  in  argi¬ 
nase  activity.  Subsequent  applications  of 
the  carcinogen  were  not  so  effective,  but  the 
arginase  content  was  still  greater  than  nor¬ 
mal.  Two  transplantable  squamous-cell  car¬ 
cinomas  showed  six  and  eighteen  times  the 
arginase  content  of  normal  epidermis  on  a 
wet-weight  basis  and  eleven  and  thirty- 
three  times  on  a  total  skin  nitrogen  basis. 
Arginase  was  increased  also  in  rat  epidermis 
following  the  application  of  the  carcinogen 
dibenzanthracene  (39).  With  low-protein 
diets,  the  ei)idermal  arginase  activity  was 
increased  in  both  normal  and  dibenzanthra¬ 
cene-treated  rats  (39). 

E.  IIISTAMINASE 

Little  is  known  concerning  histaminase  in 
skin.  Skin  extracts  were  said  to  be  able  to 
destroy  histamine  enzymatically  (p.  96). 
However,  in  a  report  by  Best  and  McHenry 
(10)  it  was  concluded  that  this  action  was 
absent  from  skin  extracts.  This  problem 
should  be  investigated  further,  especially 
since  it  is  now  possible  to  prepare  better 
skin  extracts  than  those  available  earlier. 


Arginase+Mn* 
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r.  CATALASE 

Catalase  is  an  iron-containing  enzyme 
which  controls  the  (lecom[)osition  of  hydro¬ 
gen  peroxide  to  oxygen  and  water.  It  is  j)res- 
ent  in  all  tissues,  including  skin,  as  shown  by 
Wohlgemuth  and  Szdrcnyi  (65). 

c;.  ESTERASES 

The  term  “esterase”  includes  a  grouj)  of 
enzymes  which  catalyze  the  hydrolysis  of 
esters.  Three  important  esterases  have  been 
studied  in  skin — phosj)hatase,  cholinester¬ 
ase,  and  lipase.  Each  will  be  considered 
sei)arately. 

1.  Phosphatase 

The  phosidiatase  group  j)ertinent  to  this 
discussion  includes  the  enz3mies  alkaline 
I)hos{)hatase,  acid  phosi)hatase,  and  adenyl- 
pyrophosi)hatase.  Because  so  little  work  has 


tivity  was  greatest  in  the  papillae.  In  endo¬ 
thelial  cells  and  in  sweat  glands  the  enzyme 
was  concentrated  at  the  cell  w'alls  and  in  the 
nuclei,  with  nucleoli  showing  the  greatest 
activity.  The  i)hos])hatase  activity  at  the 
cell  walls  may  indicate  that  phosphorylating 
mechanisms  play  a  role  in  the  transport  of 
metabolites  in  and  out  of  cells. 

Fisher  and  Click  reported  that  the  alka¬ 
line  phosphatase  content  of  the  skin  was 
normal  in  lupus  erythematodes,  psoriasis, 
and  papular  urticaria  (23).  Phosphatase  ac¬ 
tivity  was  increased  in  proliferating  fibro¬ 
blasts  and  infiltrates  of  pyogenic  granuloma. 
The  nucleus  of  the  fibroblast  gave  a  more 
intense  reaction  than  the  cytoplasm.  In 
chronic  eczema,  the  cellular  perivascular 
infiltrate  of  lymjihocytes,  monocytes,  and 
plasma  cells,  as  well  as  the  fibroblasts, 
showed  increased  jihosphatase  content.  The 
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been  done  on  the  last-named  enz^’me,  it  will 
be  dispensed  with  briefly  by  merely  calling 
attention  to  the  fact  that  aden^djij^rophos- 
phatase  activity  has  been  rejiorted  in  normal 
and  hyjierplastic  mouse  epidermis  (53). 

.'\lkaline  phosfihatase  has  been  studied 
extensively  in  the  skin  by  means  of  the 
(jomori- 1  akamatsu  histochemical  technic. 
Caution  should  be  e.xercised  in  accejiting 
these  results,  because  a  recent  study  (45) 
showed  little  alkaline  i)hosphatase  in  rat 
liver  by  direct  in  vitro  assays  on  isolated 
nuclei,  whereas  there  was  intense  stainino- 
histochemically.  It  has  been  suggested  that 
calcium  i)hosi)hate  formed  in  the  analysis 
may  be  adsorbed  i)referentially  l^y  the  nu¬ 
clei  during  the  histochemical  procedure. 
\\  ith  this  point  in  mind,  one  questions  the 
studies  which  demonstrated  alkaline  phos¬ 
phatase  m  the  stratum  granulosum,  capil¬ 
lary  endothelial  linings,  hair  follicles,  and 
sweat  glands  of  normal  human  skin  (23  50') 
In  hair  follicles  alkaline  phosphatase  ac- 


>  ROH  +  HPO^ 


Alcohols 


Dibasic  phos- 
Iihate  ion 


perifollicular  infiltrate  of  acne  vulgaris  had 
increased  phosjfliatase. 

Normal  mouse  skin  also  contained  much 
alkaline  jihosifliatase  activity  but  no  acid 
jihosjihatase  activity  (5).  In  sebaceous 
glands  of  the  hamster,  acid  phosphatase  ac¬ 
tivity  was  marked,  whereas  alkaline  phos¬ 
phatase  activity  was  weak  (42)  (p.  331). 

Mouse  skin  treated  with  methylcho- 
lanthrene  showed  a  marked  increase  in  alka¬ 
line  ])hosphatase  located  in  basal  cells  and 
connective-tissue  cells  and  was  abundant  at 
sites  of  proliferation  (13).  Quiescent  non- 
mahgnant  papillomas  had  little  alkaline 
phosphatase.  Whereas  acid  phosphatase  was 
not  imesent  in  normal  mouse  epidermis,  it 
was  ound  to  api)ear  and  increase  with  the 
development  of  malignancy  and  was  dis¬ 
tributed  in  connective  tissue  similarly  to 
alk.il,„e  phosphatase.  .Alkaline  phosphatase 
was  e  evated  considerably  in  healing  skin 
wounds  or  burns  in  the  rat  (22). 

Alkaline  phosphatase  activity  could  be 
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inhibited  by  very  small  quantities  of  beryl¬ 
lium  (20,  2).  Acid  phosphatase  required 
larger  quantities  for  inhibition.  Manganese 
and  magnesium  could  reverse  the  inhibitory 
effect.  The  import  of  phosphatase  inhibition 
in  foreign-body  reactions  is  worthy  of  fur¬ 
ther  study.  The  toxic  properties  of  beryllium 
may  result  from  its  competition  with  man¬ 
ganese  and  magnesium  for  enzymes  acti¬ 


vated  by  these  metals  (20,  2).  The  phos¬ 
phatase  enzymes  may  also  be  related  to  the 
deposition  of  calcium  in  the  skin  because 
there  is  a  reciprocal  relationship  between 
the  concentration  of  phosphate  and  calcium 
ions  in  tissues,  and  phosphatases  determine 
to  some  extent  the  concentration  of  avail¬ 
able  phosphate  ions. 


2.  Cholincslcrase 

The  enzyme  cholinesterase,  which  is  liberated  at  cholinergic  nerve  endings,  catalyzes  the 
hydrolysis  of  acetylcholine  to  acetic  acid  and  choline: 


O 


o 


CH3C-OH  +  liOCHsCHoN  (CHs)  3 


^  Cholinesterase 

CH3C-OCH..CH2N  (CH3)  — 

OH 

Acetylcholine 

Both  rat  and  human  skin  contain  a  specific 
cholinesterase  (61,  60).  It  is  believed  that 
certain  disorders  of  the  skin  may  be  asso¬ 
ciated  with  abnormal  functioning  of  cho¬ 
linergic  nerves.  For  example,  some  cases  of 
urticaria  of  nervous  origin  may  be  brought 
about  by  the  liberation  of  acetylcholine  in 
the  skin  following  the  stimulation  of  cho¬ 
linergic  fibers  (28).  This  thesis  is  supported 
by  the  finding  that  eserine,  a  powerful  m- 


OH 

Acetic  acid  Choline 

hibitor  of  cholinesterase,  acts  as  an  urti- 
cariogenic  agent  in  patients  with  cholinergic 
urticaria,  because  eserine  causes  accumula¬ 
tion  of  acetylcholine  that  has  been  liberated 
at  nerve  endings  (28)  (p.  67). 

Thompson  (60)  found  that  skin  cho¬ 
linesterase  is  inhibited  in  vitro  by  sodiurn 
arsenite  and  in  vivm  by  certain  nonarseni- 
cal  vesicants  of  the  nitrogen-mustard-gas 
type.® 


3.  Lipase 

riie  enzymes  of  tlie  lipase  group  e/cct  the  liytlrolysis  of  esters  of  fatly  acids 
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-l-liompson  and  Whittaker  (61)  found  tliat 
rat  and  human  skin  contained  hiiases  ca¬ 
pable  of  hydrolyzing  tributynn 
butyrate.  Other  workers  showed  that  the 
epidermis  of  the  mouse  anti  the  hamster  tlid 
not  contain  lipase  but  that  ‘he  sebaceou 
glands  and  fatty  tissue  had  marked  lipase 
activity  (25.  42,  .32)  (p.  .331). 


+  RiCOOH  +  R2COOII  +  R3COOII 


Fatty  acids 

In  contrast  to  the  phenomenon  that  the 
oxygen  uptake  of  skin  decreases  with  ad¬ 
vancing  age,  lipase  activity  m  rat  skin  in¬ 
creases  with  increasing  age  of  the  rats.  Fins 
increase  may  well  be  related  to  changes  in  se¬ 
baceous-gland  activity  which  occur  with  age. 

6.  For  cholmesterases  in  and  around  sweat 
glands  sec  pp.  163  and  186. 
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II.  CHOLESTEROL-SYNTHESIZING 
ENZYMES 

It  has  been  known  for  several  years  that 
acetate  could  be  converted  to  cholesterol  by 
liver  extracts.  It  was  found  recently  that  in 
the  rat  cholesterol  could  be  formed  from 
acetate  in  organs  other  than  the  liver,  but 
at  a  slower  rate  (57).  Skin  slices  were  the 
most  active  extrahepatic  tissue  to  show  this 
activity  (p.  487).  Human  skin  slices  also  can 
convert  acetate  to  cholesterol  (26). 

The  formation  of  cholesterol  is  a  complex 
process  and  probably  requires  the  action  of 
several  enzymes.  It  is  interesting  to  specu¬ 
late  on  the  relation  of  these  systems  to  the 
various  disorders  of  fat  metabolism  in  the 
skin,  such  as  xanthomas  found  in  idiojiathic 
hy{)erlij)emia  and  hypercholesterenic  xan¬ 
thomatosis. 
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I.  XANTHINE  OXIDASE 

The  conversion  of  some  purine  bases  to 
uric  acid  depends  upon  the  presence  of 
xanthine  oxidase.  This  enzyme  requires 
riboflavin  for  activity  and  is  found  in  high 
concentration  in  the  liver.  It  is  also  present 
in  rat  skin  (64).  The  activity  of  xanthine 
oxidase  in  human  skin  may  be  related  to  the 
lesions  observed  in  cases  of  gout. 

J.  CONCLUSIONS 

The  numerous  anabolic  functions  of  the 
skin,  such  as  the  formation  of  keratin,  col¬ 
lagen,  melanin,  sweat,  and  sebum,  as  w^ell  as 
the  catabolic  activities,  are  controlled  by 
several  different  types  of  enzymes.  Further 
knowledge  of  these  enzymic  processes  will 
lead  to  a  better  understanding  of  metabolic 
changes  in  disease  states. 
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I.  CUTANEOUS  RESPIR.VnON  VERSUS  GAS  EXCHANGE 
W  ITH  'I'lIE  ATMOSPHERE 


Human  skin  takes  up  o.xygen  from  the  at¬ 
mosphere  and  gives  off  carbon  dioxide 
to  it.  In  the  early  literature  this  dual  process 
was  often  referred  to  as  “respiration  of  the 
skin.”  This  expression,  of  course,  is  mis¬ 
leading.  The  actual  respiration  of  the  skin  is 
the  oxygen  uptake  and  carbon  dioxide  pro¬ 
duction  of  its  living  cells  and  is  a  measure  of 
its  vital  oxidation  processes  (10).  The  gas 
exchange  with  the  amosphere  is  a  passive 
process  of  diffusion  which  depends  on  the 
difference  in  gas  tension  inside  the  body  and 
the  atmosphere,  on  the  permeability  of  the 
skin,  on  its  blood  flow,  and  only  under  spe¬ 
cial  conditions  on  its  own  metabolism  also 


(10,11).  . 

The  total  oxygen  uptake  of  the  skin  is 

much  greater  than  the  ujitake  from  the  air, 
and  the  carbon  dioxide  production  also 
greatly  surpasses  the  amount  given  off  to 
the  air  (10).  Thus  it  is  obvious  that  the  bulk 
of  o.xygen  is  supplied  to  the  skin  by  arterial 
blood  and  that  most  carbon  dioxide  is  given 
off  to  the  venous  circulation  (10).  However, 
from  the  great  avidity  of  the  skin  in  taking 
ui)  oxygen  from  the  air  even  at  partial  oxy¬ 
gen  tensions  as  low  as  3-4  mm.  Hg  (cor¬ 
responding  with  0.5  per  cent  Oo),  it  was  con¬ 


cluded  that  the  skin  utilizes  this  atmos¬ 
pheric  o.xygen  in  addition  to  that  supplied 
by  the  blood  (13).  The  “respiratory  quo¬ 
tient”  of  the  gas  exchange  through  the  skin 
was  found  to  be  from  1.04  to  1.94,  with  an 
average  value  of  1.37  (14).  Some  features  of 
the  uptake  of  o.xygen  from  the  air  have  been 
discussed  in  chapter  3,  pages  44-45.  The 
important  facts  on  carbon  dioxide  delivery 
are  as  follows: 

If  a  glass  bell,  fastened  to  the  skin,  is 
filled  with  water  from  above,  carbon  dioxide 
will  accumulate  in  the  water  until  its  tension 
equals  the  carbon  dioxide  tension  in  the  sub¬ 
dermis  (5,  6,  3,  4).  To  reach  an  equilibrium 
takes  about  17  hours  at  room  temperatures 
(6).  The  final  tension  of  carbon  dioxide  in 
the  water  is  about  50  mm.  Hg  (6).  Similarly, 
carbon  dioxide  delivery  can  be  demonstrated 
in  the  air  by  surrounding  the  body  or  parts 
of  it  by  a  closed  chamber  and  by  measuring 
the  increasing  carbon  dioxide  content  of  the 
air  in  the  chamber  (1,  14).^ 


1.  With  this  method  Shaw  and  Messer  (13) 
id  the  equilibrium  established  at  70  mm.  Hg; 
nnhell  (1)  at  40  mm.  Hg.  The  latter  value  cor- 
)onds  better  with  the  level  of  carbon  dioxide 
non  in  the  tissues  (D). 
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11.  FACTORS  INFLUKNCINO  QUANTITY  OF  CARBON 
DIOXIDE  DELIVERED  TO  THE  OUTSIDE 


\\  ith  increasing  environmental  tempera¬ 
ture  there  is  a  gradual  increase  in  carbon 
dioxide  delivery  to  the  outside,  and  this  is 
probably  due  to  gradually  increasing  cu¬ 
taneous  blood  flow.  At  the  critical  tempera- 


gland  cells  (10,  12,  11).  As  the  activation  of 
eccrine  glands  is  connected  with  a  two  to 
four  and  a  half  fold  increase  of  oxygen  con- 
sumption  (9),  a  similar  increase  of  carbon 
dioxide  production  can  be  expected. 


%  RELATIVE  HUMIDITY 


ture  of  sweat  outbreak  around  34°  C.  air 
temperature,  there  is  a  sudden  dramatic  rise 
(10,  12).  rigure  1  shows  the  coincidence  of 
rise  in  carbon  dioxide  delivery  (curve  .1)  and 
outbreak  of  visible  sweating  (curve  C).  Be¬ 
cause  of  the  suddenness  of  the  change  in 
carbon  dioxide  delivery,  it  is  probable  that 
It  has  something  to  do  with  the  suddenly  in¬ 
creasing  metabolism  of  secretory  sweat- 


According  to  older  data  (10),  the  total 
carbon  dioxide  diffusion  through  the  whole 
skin  surface,  exclusive  of  the  head,  to  the 
outside  in  24  hours  is  between  7  and  9  gm. 
carbon  dioxide,  which  is  1.3  per  cent  of  the 
excretion  by  the  lungs  (10).  Shaw  el  al.  (14) 
calculated  that  the  “cutaneous  respiration” 
IS  1  per  cent  of  the  pulmonary  respiration. 

In  the  more  recent  literature  the  carbon 
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dioxide  diffusion  is  usually  ex])ressed  in 
milliliters  per  100  sq.  cm.  per  hour,  the 
volumes  being  calculated  for  0°  C.  and  760 
mm.  Hg.  Schulze  (11)  compiled  the  avail- 


TABLE  1 


C.\RBON  Dioxide  Delivery  through  the 
Skin  in  Norm.xl  Individuals  (11) 


.Abernethy  (1795) 
Scharling  (1843) . 
Gerlach  (1851) .  . 
Reinhard  (1869). 

.\ubert  (1872) .  .  . 


Rbhrig  (1872) 


Fubini  and  Ronchi  (1878) 


Schierbeck  (1893) 
Barratt  (1897) .  . . 


Von  Willebrand  (1902) . 

Campbell  (1929) . 

Shaw,  Messer,  and  Weiss  (1929) 

Shaw  and  Messer  (1930) . 

Krnstene  and  Volk  (1932) . 

Hediger  (1928) . 

Kramer  and  Sarre  (1935) . 

Ilaeussler  (1936) . 

Schulze  (1943) . 


Room 

Tempera¬ 

ture 

(°C.) 

MlCOn/ 

100 

Sq  Cm/ 
Hr 

1  8 

4  2 

20 

1.1 

16 

0.3 

129  6 

0.4 

31.3 

0.5 

[32 

0  6 

j  KLll 

0.4 

1 22-28 

1.8 

116-20 

0.4 

20-24 

0.7 

[24-30 

1.3 

/29-32 

1.1 

\34 

2.5 

r25 

0.5 

135 

0.9 

120-31.5 

0  9 

\34 

4.2 

35 

0.5 

26 

0.4 

f25 

0.5 

'34 

0.9 

27 

1.2 

36* 

2.7 

34* 

0.8 

29* 

1  1 

25 

0.98 

*  Temi)erature  of  surrounding  Iluid. 


able  data.  His  compilation  is  reproduced  in 
Table  1. 

Arterial  hyiieremia,  produced,  for  in¬ 
stance,  by  the  electrophoretic  introduction 


of  histamine  and  acetylcholine  (6),  in¬ 
creases  outward  diffusion  of  carbon  dioxide 
many  fold.  Also  inflammatory  conditions, 
such  as  ultraviolet  erythema  (6,  11),  psoria¬ 
sis,  and  eczematous  jirocesses  (2),  increase 
carbon  dioxide  delivery,  and  it  has  been  as¬ 
sumed  that  any  surjilus  of  carbon  dioxide 
deriving  from  increased  metabolism  in  in¬ 
flamed  skin  is  partly  discharged  to  the  out¬ 
side  (2).  Maximal  vasoconstriction  pro¬ 
duced  by  electrophoresis  of  epinei)hrine  re¬ 
duces  the  carbon  dioxide  diffusion  to  mini¬ 
mum  values  (6). 

Shaw  et  at.  (14)  and  Ernstene  and  Volk 
(2)  emphasized  that  there  are  great  individ¬ 
ual  differences,  as  has,  indeed,  been  found 
by  most  investigators,  who  explained  them 
by  differences  in  the  structure  of  the  skin: 
carbon  dioxide  delivery  is  markedly  de¬ 
creased  in  persons  above  forty  years  of  age, 
and  this  was  thought  to  be  caused  by  arteri¬ 
osclerotic  and  other  involutional  changes  in 
the  skin.  It  is  higher  in  children  than  in 
adults,  which  might  be  due  to  greater  thick¬ 
ness  of  the  skin  in  the  adult  (11).  Remark¬ 
ably,  however,  it  is  very  low  in  the  newborn 
(11).  In  atrophic-sclerotic  processes  of  the 
skin  it  is  reduced  (8).  The  diffusion  through 
palms  and  soles  is  less  than  elsewhere; 
otherwise  there  are  no  striking  regional  dif¬ 
ferences  (11).  Pigmented  skin  seems  to  be 
less  permeable  to  carbon  dioxide  (11),  jics- 
sibly  because  of  densitication  of  cell  mem¬ 
branes  and  other  surfaces  by  ultraviolet 
light.  Carl)on  dioxide  diffusion  through  the 
skin  is  greatly  increased  in  hyperthyroidism, 
because  of  increased  general  metabolism  and 
increased  cutaneous  blood  flow.  It  is  greatly 
decreased  in  myxedema  (10).  Exercise  in¬ 
creases  carbon  dioxide  diffusion  (10),  prob¬ 
ably  in  two  ways:  by  causing  sweat  secretion 
and  by  increasing  the  carbon  dioxide  con¬ 
tent  of  the  blood. 


III. 


THE  PHYSICAL  N.ATURE  OF  CARBON  DIOXIDE  DELI\  ERV 


All  data  confirm  the  original  concept  of 
Krogh  (7)  that  carbon  dioxide  delivery 
through  the  skin  surface  is  a  physical  diffu¬ 
sion  process  depending  on  the  difference  in 


tension  between  the  inside  and  the  atmos¬ 
phere.  Vital  processes  modify  this  diffusion 
to  the  extent  that  increased  blood  circula¬ 
tion  jiromotes  the  diffusion  by  delivering 
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carbon  dioxide  at  a  higher  speed  to  the  skin, 
which  acts  as  a  diffusion  membrane,  or  to 
the  extent  that  there  are  gross  structural 
changes  either  promoting  or  hindering  diffu¬ 
sion.  Only  in  exceptional  cases  does  the 
carbon  dioxide  production  of  the  skin  proper 
contribute  to  the  delivery  to  the  outside; 
such  cases  are  sudden  activation  of  sweat 
glands  and  increased  skin  metabolism  in  in¬ 
flammatory  cutaneous  processes. 

An  interesting  evidence  of  the  physical 
nature  of  oxygen  uptake  and  carbon  dioxide 
delivery  has  been  their  reversal  under  arti¬ 
ficially  produced  experimental  conditions. 
When  the  carbon  dioxide  tension  of  the  air  is 
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higher  than  that  of  the  blood,  carbon  dioxide 
is  absorbed  by  the  skin;  and  when  the  oxy¬ 
gen  tension  of  the  atmosphere  is  lower  than 
that  of  the  blood,  oxygen  is  delivered  by  the 
skin  to  the  atmosphere  (13).  Remarkably 
enough,  venous  stasis,  with  greatly  in¬ 
creased  carbon  dioxide  content  of  the  blood, 
does  not  increase  the  diffusion  outward  (2, 
11).  This  finding  has  remained  unexplained. 

Although  the  skin  permits  carbon  dioxide 
to  pass  in  an  outward  direction,  it  still  exerts 
a  considerable  barrier  effect.  If  muscle  tissue 
is  e.xposed  to  air,  the  rate  of  carbon  dioxide 
delivery  is  about  fourteen  times  as  rapid  as 
from  the  skin  (14). 

RAPHY 

9.  Ohara,  K.  Studies  on  the  oxygen  con¬ 
sumption  of  human  skin  tissues  with  special 
reference  to  that  of  sweat  glands,  Jap.  J. 
Physiol.,  2:1-8,  1951. 

10.  Rothman,  S.,  and  Schaaf,  F.  Chemie  der 
Haut.  In:  Jadassohn,  Handb.  d.  Haut-  u. 
Geschlechtskr.,  1  2:161-377.  Berlin:  J. 
Springer,  1929. 

11.  Schulze,  W.  Untersuchungen  fiber  die 
Alkaliempfindlichkeil,  das  Alkalineutralisa- 
lionsvermogen  und  die  Kohlensaureabgabe 
der  Haut,  Arch.  f.  Dermat.  u.  Svph., 
185:93-161,  1943. 

12.  Shaw,  L.  A.,  and  Messer,  A.  C.  Cutaneous 
respiration  in  man.  II.  The  effect  of  tem¬ 
perature  and  of  relativ'e  humidity  upon  the 
rate  of  carbon  dioxide  elimination  and 
oxygen  absorption,  .\m.  J.  Physiol.,  95:13- 
19,  1930. 

13.  - .  Cutaneous  respiration  in  man.  HI. 

The  permeability  of  the  skin  to  carbon  di¬ 
oxide  and  oxygen  as  affected  by  altering 
their  tension  in  the  air  surrounding  the 
skin,  ibid.,  98:93-101,  1931. 

14.  Shaw,  L.  A.;  Messer,  A.  C.;  and  Weiss,  S. 
Cutaneous  respiration  in  man.  I.  Factors 
affecting  the  rate  of  carbon  dioxide  elimina¬ 
tion  and  oxygen  absorption,  .Am.  J. 
Physiol.,  90:107-18,  1929. 


C  H  A  P  T  K  R  2  5 


Biology  oj  Epidennal  Cells 

By  HERMANN  PINKUS 


I.  General .  584 

11.  Reproduction  by  Mitotic  Division . 586 

III.  Hypotheses  of  Cell  Conversion . 590 

IV.  Biological  Equivalence  of  Basal  Cells  and  Prickle 

Cells . 591 

Renewal  Time . 594 

\'l.  Other  Factors  .Affecting  Mitotic  Activity  ....  597 

A  ll.  Elimination  of  Particulate  Matter . 597 


1.  GENERAL 


The  biology  of  the  epidermal  cells  is  de¬ 
termined  by  their  unique  position  on 
the  exposed  surface  of  the  body  and  by 
their  specific  function  of  partly  hindering 
and  partly  mediating  exchanges  between 
the  body  and  the  exterior  world.  In  mam¬ 
mals  the  epidermis  is  not  protected  by  an 
armor  of  secreted  cuticles,  as  in  other  phyla, 
or  by  massive  scales  or  by  mucus,  as  in  lower 
orders  of  vertebrates  (4);  instead,  the  bodies 
of  the  epidermal  cells  themselves  form  a 
protective  coat  which  is  constantly  shed  and 
renewed.  Conditions  are  further  modified  in 
man  by  the  absence  of  even  the  relative  pro¬ 
tection  afforded  other  species  by  a  dense 
layer  of  hair.  The  normal  structure  and 
physiologic  state  of  the  human  epidermis 
(33,  35,  26,  15,  23)  is  approximated  m  fur¬ 
bearing  animals  only  in  specialized  regions, 
such  as  the  foot  pads,  or  in  transient  states, 
such  as  the  first  days  of  life  (Fig.  1)  ^ose 
species  which  bear  naked  young  (24),  or 
under  experimental  conditions,  when  ab¬ 
normal  epidermal  hypertrophy  is  temporar¬ 
ily  produced  by  depilating  measures  (1«). 
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There  are  relatively  few  data  available  con¬ 
cerning  the  biology  of  human  epidermis,  and 
data  gathered  in  animal  experiments  must 
be  treated  with  a  certain  amount  of  reserve 
because  of  the  different  physiologic  function 
of  human  and  animal  epidermis. 

xAs  compared  with  small  laboratory  ani¬ 
mals  (Fig.  2),  the  human  epidermis  (Fig.  3) 
is  much  thicker  and  lacks  the  support  of  the 
many  hair  follicles  which  contribute  to  epi¬ 
dermal  regeneration  in  other  species.  I  he 
human  epidermis  is  a  multilayered  coat  in 
which  there  is  a  constant  movement  out¬ 
ward  from  the  inside.  Undifferentiated 
germinal  cells  are  transformed  into  highly 
specialized,  but  devitalized,  horny  flakes  by 
series  of  steps  involving  complicated 


a 


structural  and  chemical  alterations.  All  ex 
cept  the  basal  cells  are  removed  from  direct 
contact  with  the  vascular  supply.  Exchange 
of  metabolites  is  maintained  by  a  system  of 
intercellular  spaces  filled  with  tissue  fluid, 
which,  however,  can  hardly  circulate  freely 
because  it  is  securely  sealed  off  distally. 
Contact  between  the  cells  is  maintained  y 


Pig.  1.— Section  of  skin  of  a  newborn  mouse.  Thick  stratified  and  heavily  keratinized  epidermis  resembling 
that  of  human  skin.  Incompletely  developed  hair  follicles.  X185. 


Fig.  2.— Section  of  skin  of  a  month-old  mouse.  Epidermis  reduced  to  one  or  two  layers.  VVell-develoned 
hairs.  XI Ho.  ' 


Fig.  3. — Vertical 
dermis.  X185. 


section  of  normal  human  skin  from  the 


forearm,  showing  the  several  strata  of  the 


epi- 
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the  system  of  tonofibrils  and  intercellular 
bridges  (p.  344),  which  enables  the  epi¬ 
dermis  to  combine  a  high  degree  of  flexibility 
with  considerable  mechanical  strength.  Lit¬ 
tle  is  known  concerning  the  permanence  or 
alterability  of  these  structures,  but  it  seems 
certain  that  they  limit  the  movement  of  in¬ 
dividual  cells  against  one  another.  In  addi¬ 
tion,  the  epidermal  cells  form  what  may  be 
called  a  “symbiosis”  with  extrinsic  elements 
in  their  midst — such  as  melanocytes  (p. 
536),  which  are  derivatives  of  the  neural 
crest  (41);  Langerhans  cells,  which,  accord¬ 
ing  to  Ferreira-Marques  (17),  fulfil  special 


sensory  functions;  and  the  lining  cells  of 
hair  follicles  and  sweat  ducts,  which  main¬ 
tain  their  own  integrity  and  under  certain 
circumstances  manifest  their  biological  inde¬ 
pendence  (38).  Thus  we  are  dealing  with  a 
complicated  architectural  system  in  which 
the  very  building  blocks  are  in  constant 
flux. 

Epidermal  metabolism  and  particularly 
the  process  of  keratinization  are  dealt  with 
in  other  chapters.  Here  we  are  concerned 
with  the  process  of  epidermal  regeneration 
and  the  replacement  of  the  material  that  is 
constantly  lost  from  the  outer  surface. 


II.  REPRODUCT lOxN  BY  MITOTIC  DIVISION 


Tissue  cells  generally  reproduce  by  mi¬ 
totic  division;  and  rapidly  proliferating  epi¬ 
dermis,  as  in  psoriasis  and  other  skin  diseas¬ 
es,  usually  shows  numerous  mitoses  (see  Fig. 
5).  Normal  human  epidermis,  however,  con¬ 
tains  so  few  mitoses  that  time  and  again 
other  mechanisms  have  been  looked  for  by 
investigators  who  claimed  that  the  small 
number  of  mitotic  figures  was  not  sufiicient 
to  replace  the  cells  lost  on  the  surface. 

Mitotic  counts  in  adequately  preserved 
material  were  first  given  by  Thuringer  (45, 
46)  who  reported  one  mitosis  for  2,414  cells 
on  the  scalp,  for  268,275  cells  on  the  ear,  and 
for  378,325  cells  on  the  leg.  These  and  other 
authors’  figures  are  given  in  the  form  of  mi¬ 
totic  indices  (mitoses  per  thousand  cells)  in 
Table  1 .  Most  of  the  indices  for  adult  human 
epidermis  range  from  1.6  to  0.1.  The  ex¬ 
tremely  low  values  of  Thuringer  (46)  for  leg 
and  ear  were  obtained  on  only  one  specimen 
in  either  instance — the  leg  had  been  am¬ 
putated  for  reasons  not  stated;  the  ear  came 
from  an  executed  individual.  It  ai)pears  j)er- 
missible  to  disregard  these  values,  because 
all  other  observers  found  mitotic  counts  of  a 
much  higher  order  of  magnitude,  similar  to 
those  reported  by  Thuringer  for  the  scalp. 

In  order  to  evaluate  these  figures  prop¬ 
erly  it  would  be  necessary  to  know  how 
many  cells  are  lost  per  unit  of  time  from  the 
normal  skin  surface.  Unfortunately,  this  is 
unknown.  The  only  experiment  bearing  on 


this  problem  is  one  of  Sutton  (44),  who  ap¬ 
plied  silver  nitrate  to  the  skin  and  found 
that  it  required  from  7  to  11  days  for  the 
stain  to  wear  off.  He  concluded  that  this  is 
the  time  needed  for  renewal  of  the  stratum 
corneum,  which  he  estimated  to  consist  of 
eight  layers.  Actually,  silver  nitrate  does  not 
penetrate  deeply  into  the  horny  layer  (42). 
Unpublished  observations  show  that  the 
silver  stain  can  be  almost  completely  re¬ 
moved  by  stripping  away  the  uppermost 
four  to  six  layers  of  an  estimated  total  of 
fifteen  to  twenty  (39).  This  variation  in 
rough  estimates  shows  how  few  quantitative 
data  are  known  concerning  the  stratum 
corneum.  It  seems  safe  to  assume  that,  at 
most,  one  layer  per  day  is  lost  under  normal 
circumstances,  perhaps  only  one  layer  every 
2  days,  the  rate  depending  on  individual  and 
regional  differences. 

The  next  point  to  be  considered  is  the 
relative  area  covered  by  horny  cells  and 
basal  cells,  respectively  (Fig.  4).  A  fully 
keratinized  human  epidermal  cell  is  a  thin 
flake  with  a  diameter  of  from  25  to  30  m- 
A  basal  cell  is  a  cuboidal  or  columnar  body, 
with  a  diameter  of  5-6  ix.  Accordingly,  the 
area  of  625-900  ij?  covered  by  one  horny  cell 
on  the  surface  is  occupied  by  25  basal  cells, 
each  having  a  basal  area  of  25-36  I  his 
figure  does  not  take  into  account  that  the 
rete  ridges  and  paj)illae  increase  the  basal 
area  of  the  epidermis  several  times  over 


TABLE  1 


Mitotic  Index 

(Number  of  Dividing  Cells  per  Thousand  Cells) 


Author  and  Year 


Thuringer  (1928)  (46) . 

Andrew  and  Andrew  (1949)  (2) 

Katzberg  (1952)  (28) . 

Pinkus  (1952)  (40) . 


Thuringer  (1928)  (46) . 

Cooper (1959) (13) . 

Broders  and  Dublin  (1939)t 
Katzberg  (1952)  (28) . 


Carleton  (1934)t . 

Cooper  and  Franklin  (1940)  (14).  , 

Cooper  and  Keller  (1942)t . 

Cowdry  and  Thompson  (1944)|. 

Gliicksmann  (1945)t . 

Knowlton  and  Hempelmann 

(1949)t  . 

Knowlton  and  VVidner  (1950)  (29). 


Thuringer  (1939)t . 

Henry  et  al.  (1952)  (25) . 

Andrew  and  Andrew  (1949)  (2). 


Man,  Adult 


f  Scalp 

Adult 

0.41 

•^Ear 

Adult 

0.0037 

[Leg 

Adult 

0.0026 

Antecubital  region 

Adult 

0,13 

[21-40 

Basal  0.48;  spinous  0.34 

Abdominal  skin 

41-60 

Basal  0.  73;  spinous  0.37 

[61-80 

Basal  0.  76;  spinous  0.36 

F'orearm,  flexor  surface 

46 

1.59* 

Man,  Growing 

Prepuce 

3  years 

0.74 

Prepuce 

Newborn 

1.4-6. 8 (av.  3.8) 

Prepuce 

Newborn 

7.4 

Abdominal  skin 

0-20  years 

Basal  0.23;  spinous  0.26 

Mouse 

Abdominal  skin 

1-7  days 

2-23  (av.  9.8) 

Ear 

50  days 

0-3.93  (av.  1.45) 

Ear 

2^  months 

0.8-1. 5 

Foot  pad 

10  days 

Basal  25.2;  spinous  27.0 

Interscapular  skin 

2  months 

2.0 

Ear 

42-56  days 

1 . 69 

Ear 

42-56  days 

0.75 

Other  Species 

Foot  pad, cat 

Adult 

2.37 

Oral  mucosa,  rabbit 

100  days 

5. 1 

Back,  abdomen,  rat 

300  days 

0.58 

obtained  by  using  certain  correction  factors  no 
.  Without  correction,  the  value  would  be  approximately  0.8. 
t  The  references  for  these  are  as  follows: 


.  -  - -  .V,*  aic  luiiows: 

’  PUBLIN,  W.  B.  Rhythmicity  of  mitosis  in  the  epidermis  of  human  beings,  Proc.  Staff  Meet.  Mayo  Clin  14-423- 

^,^^1335-44,  1942.  irequency  in  methylcholanthrene  epidermal  carcinogenesis  in  mice,  J.  Nat.  Cancer  Inst., 

GLOcKSMA^NN'  A®ThJEgeneki”of^benzyp^^^^^^  division  in  epidermis,  Anat.  Rec.,  88:403-9,  1944 

Knowlton,  N.  P  Jr.,  and  Hempelmann,  L.  H.  The  effect  of  X  racVniwh*  m  the  mouse.  Cancer  Research,  5:38.S-400  194S 


V 


(  w  w  .*  . 

j*..#*'*^*  •  .  e  «  -..0  ■  •»  , 

^  *  * » *1  '•'  . 


#  -  %  % 

jfc  fc  *  M, 

#  %  V/i 


- 

•  •  « 


*% 


# 

* 


#*/•'#'  # 


*  t  * 

*  •  *«  •>•  *^%*  * 

*  *  * 

*  %  -  ' 


»  '»  j . 

«»  >’  i# 

*»'% 

i  .•«.  *  *> 

'  '*.«-. 
,  '■  *  i 

« #'  I*  *  t 
««, 


“  •'■■*  *  ■  #  • « 

^  ^  •  I? 


* .  4  #•  #  •  «  ''  *.•  * 

'  »•.%*,  '*♦**  *  *  ^-^  *  \  ** 


Fig.  4. — Tangential  section  of  normal  human  e{)idermis  from  the  ulnar  side  of  the  little  linger.  This  sec¬ 
tion  permits  direct  comparison  of  the  diameters  of  keratohyalin  cells  (/v)  and  basal  cells  {B),  which  surround 
the  cross-sectioned  ])apillae  (P).  Xl85. 


.ctA^ 


I'lC..  .i.— Two  sections  of  a  series,  showing  hyperplastic  l.lsjimi- 

scmalous  tlermatilis.  X14(l.  .1  shows  i',?  „'e Upper  part  of  the  prickle-cell  layer. 
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what  it  would  be  if  the  cells  were  arranged 
in  one  plane.  As  the  upper  surface  of  the 
epidermis  is  more  nearly  plane,  the  ratio  of 
basal  cells  over  keratin  cells  is  increased 
considerably.  If  the  duration  of  mitosis  is  1 
hour  (p.  595),  then  it  follows  that  1,  (25  X 
24),  or  1  out  of  every  600  basal  cells,  has  to 
be  found  in  mitosis  at  any  given  time  (mi¬ 
totic  inde.x  1.67)  in  order  to  replace  one 
horny  flake  per  day  under  the  most  un¬ 
favorable  theoretical  circumstances.  Ac¬ 
tually,  a  figure  of  1 : 2,000  (mitotic  index  0.5) 


veals  that  a  mitotic  figure  that  appears  to  be 
situated  in  suprabasal  layers  in  one  section 
actually  belongs  to  the  basal  layer  of  a  papil¬ 
la  that  appears  in  the  following  section  (Fig. 
5).  A  reinvestigation  of  this  problem  ap¬ 
pears  in  order,  but  it  must  be  admitted  that 
prickle  cells  are  capable  of  mitotic  division. 
Table  2  lists  some  values  reported  in  the 
literature.  Amitosis  is  occasionally  sug¬ 
gested  in  sections  of  human  skin  by  the 
{iresence  of  deeply  indented  nuclei.  If  it  does 
occur,  it  probably  accounts  for  the  presence 


T.\BLE  2 

Distribution  of  Mitoses  between 
Basal  and  Spinous  Layers 


Author  and  Year 

Material 

Per  Cent  of  Mitoses  in 

Basal  Layer 

Spinous  Layer 

Thuringer  (1924)  (45) . 

Seal]),  adull  man 

12 

88 

Thuringer  (1959)* . 

Foot  pad, cat 

44.5 

55.5 

Cowdry  and  'Ehompson  (1944)t.  .  . 

Foot  pad,  mouse 

27.5 

72.5 

'I'liuringer  and  Cooiwr  (1950)  (47).  .  . 

.•\bdomen,  man 

i.ess  than  50 

More  than  50 

Forearm,  man,  normal 

61 

59 

47  hours!  after  com- 

50 

44 

Pinkus  (1952)1 (TO) . 

•  plete  strip- 

72  hours)  ping 

44 

56 

48  hours  after  22  strips 

59 

41 

52  strips 

51 

49 

*  .1.  M.  Thuringer,  The  mitotic  index  of  the  palmar  and  plantar  epidermis  in  response  to  stimulation,  J.  Invest. 
Dermat.,  2:313-26,  19.19. 

oo  Thompson,  Jr.,  Localization  of  maximum  cell  division  in  epidermis,  Anat.  Rec., 

oo.  4U.i  -y,  1944. 

t  For  explanation  of  the.se  data  cf.  p.  592. 

or  even  1:6,000  (mitotic  index  0.17)  does 
not  seem  too  low  to  account  for  epidermal 
regeneration  by  the  mechanism  of  mitotic 
division.  These  theoretical  values  agree  well 
with  actual  observations  as  listed  in  Table  1 . 

For  a  long  time,  it  was  believed  that  the 
basal  layer  was  the  sole  reproductive  layer 
of  the  ejiidermis,  the  basal  cell  the  only  cell 
capable  of  mitotic  division  (3o).  Thuringer 
(45)  pointed  out  that  mitosis  takes  place  not 
only  in  the  basal  layer  but  also  in  prickle 
cells.  He  and  other  authors  even  reported 
that  three  times  as  many  mitoses  are  found 
in  [irickle  cells  as  in  basal  cells.  These  state¬ 
ments  must  be  treated  with  some  reserve,  as 
close  comiiarison  of  serial  sections  often ’re- 


of  binucleate  and  multinucleate  prickle  cells 
rather  than  for  additional  new  cells. 

Cowdry  (15)  brought  the  life-cycle  of  epi¬ 
dermal  cells  into  analogy  with  the  produc¬ 
tion  of  spermatozoa  in  the  testicle,  where 
undifferentiated  cells  as  well  as  partly  dif¬ 
ferentiated  elements  undergo  division.  An 
even  closer  analogy  is  found  in  the  develop¬ 
ment  of  anuclear  erythrocytes  from  undif¬ 
ferentiated  cells  of  the  bone  marrow,  as 
shown  in  Table  3,  which  illustrates  Cowdry’s 
concept  of  vegetative  intermitotics,  differen¬ 
tiating  mtermitotics,  and  postmitotics.  The 
comparison  of  epidermal  life-processes  with 
erythrojioiesis  brings  into  focus  the  long¬ 
standing  argument  about  whether  keratini- 
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zation  is  degeneration  or  differentiation. 
There  is  no  doubt  that  the  keratin  cell  is 
dead,  and  it  has  been  said  that  a  i)rocess 
ending  in  cellular  death  must  be  called  “de¬ 
generation.”  On  the  other  hand,  it  has  been 
argued  that  the  formation  of  a  highly  spe¬ 
cialized  protein,  such  as  keratin,  through  a 


series  of  complicated  intermediary  steps  is 
differentiation.  It  seems  that  the  two  views 
are  compatible,  and  the  example  of  the 
anuclear  mammalian  red  cell  is  another  in¬ 
stance  of  the  organism  using  a  devitalized, 
but  highly  specialized,  end-product  for  a 
specific  functional  i)urpose. 


1  ABLE  3 


Comparison  of  Life-Cycles  of  Human  Epidermal 
Cells  and  Erythrocytes 


Layer 

Cell  Type 

Functional  State 

Analogon 

Stratum  germina- 
tivum  (germi¬ 
nal  layer) 

Stratum  basale  (pali¬ 
sade  layer,  basal 
layer,  germinal 
layer) 

Basal  cells,  palisade 
cells 

Matrix  (vegetative 
intermitotics) 

Stem  cell,  hemocyto- 
blast 

Stratum  spinosum, 
rete  mucosum 
(prickle-cell  layer, 
Malpighian  layer) 

Prickle  cells,  rete 
cells 

Intermediate  repro¬ 
ductive  layer  (dif¬ 
ferentiating  inter¬ 
mitotics) 

Normoblast,  eryth- 
roljlast 

Stratum  granulosum  (keratohyalin 
layer) 

Granular  cells,  kera¬ 
tohyalin  cells 

Intermediate  prod¬ 
ucts  of  keratiniza- 
tion  (postmitotics) 

Nucleated  red  blood 
cell 

Stratum  lucidum  (eleidin  layer) 

Eleidin  cells 

Stratum  corneum  (horny  layer) 

Keratin  cells,  horn 
cells 

End-product  of  dif¬ 
ferentiation 

Anuclear  red  blood 
cell 

III.  HYPOTHESES  OE  CELL  CONVERSION 


Divergent  opinions  concerning  the  bi¬ 
ology  of  the  epidermis  will  be  mentioned 
here  mainly  for  their  historical  interest. 
Kromayer  (30)  maintained  for  many  years 
and  detailed  in  numerous  publications  the 
concept  of  “desmoplasia,”  that  is,  conver¬ 
sion  of  epithelial  cells,  particularly  in  tu¬ 
mors,  into  connective-tissue  cells.  Frieboes 
(20)  considered  the  epidermis  as  a  syncyti¬ 
um  without  cell  boundaries  which  is  perme¬ 
ated  by  the  tonofibrillar  system  originating 
in  specialized  mother-cells  of  mesodermal 
character  (p.  235).  Bostroem  (6)  contended 
that  the  epidermis  is  continually  renewed  by 
conversion  of  connective-tissue  cells  into 
epithelial  cells.  A  somewhat  similar  view 
was  recently  proposed  by  Levander  (31). 
Andrew  and  Andrew  (2)  claimed  that  lym¬ 
phocytes  which  migrate  into  the  epidermis 


transform  themselves  first  into  clear  cells, 
then  into  epidermal  cells,  and  that  this  is  the 
normal  mechanism  of  epidermal  regenera¬ 
tion.  This  hypothesis,  which  was  prompted 
by  the  supposedly  insufficient  rate  of  epi¬ 
dermal  mitosis,  appealed  to  some  biologists 
and  immunologists.  It  seems  to  be  made  un¬ 
necessary  by  the  calculations  show  n  on  the 
preceding  pages.  Moreover,  the  Andrews’ 
(2)  conclusions  appear  not  to  be  sufficiently 
supported  by  facts.  The  translation  of  the 
fixed  images  found  in  sections  of  preserved 
tissues  into  terms  of  transformation  of  one 
cell  type  into  another  is  unfortunately  wide 
open  to  individualistic  interpretation.  On 
the  basis  of  material  similar  to  that  used  by 
the  Andrews  (2),  it  was  recently  concluded 
by  Andreasen  (1)  that  the  fate  of  lympho¬ 
cytes  in  the  epidermis  is  degeneration. 
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One  concept  which  needs  more  detailed 
discussion  is  that  of  the  biological  inde¬ 
pendence  of  basal  cells  and  prickle  cells. 
First  suggested  by  Thuringer  (45),  it  has 
recently  been  elaborated  by  Eichenlaub  and 
Osbourne  (16)  and  by  Thuringer  and  Cooper 
(47).  According  to  these  authors,  the  basal 
layer  contains  just  enough  cell  divisions  to 
maintain  itself,  while  the  supply  of  cornify- 
ing  cells  is  furnished  by  multiplication  of  the 
j)rickle  cells.  The  significance  of  this  concept 
is  that  it  explains  the  fundamental  differ¬ 
ences  in  behavior  between  the  relatively  be- 


the  basal  and  higher  layers  is  best  evaluated 
in  the  light  of  evidence  furnished  by  experi¬ 
ments  and  certain  abnormal  states.  In  the 
epithelization  of  denuded  surfaces,  as  in 
healing  wounds,  the  authors  agree  that  it  is 
mainly  the  lower  strata  of  prickle  cells  which 
become  mobilized  and  glide  over  the  de¬ 
nuded  surface,  while  mitotic  division  takes 
place  some  distance  from  the  wound.  Usual¬ 
ly  a  thin  single  layer  of  flat  cells  is  formed, 
which  have  the  characteristics  neither  of 
basal  cells  nor  of  prickle  cells.  Once  the 
mobilized  epidermal  cells  have  covered  the 


Fig.  6.  Section  of  embryonic  human  skin  from  the  side  of  the  foot.  A  compact  layer 
e  Is  IS  covered  Ijy  large  edematous  periderm  cells,  some  of  which  are  exfoliating.  X185. 


of  cuboidal  basal 


nign  basal-cell  cancers  and  the  invasive  and 
metastasizing  squamous-cell  carcinomas  by 
deriving  both  from  different  sources.  Thu¬ 
ringer  and  Cooper  (47)  based  their  conclu¬ 
sions  on  cell  counts  in  human  epidermis; 
Eichenlaub  and  Osbourne  (16)  examined' 
embryonic  pig  skin  and  found  mitoses  not 
only  in  the  inner  (basal)  layer  but  also  in  the 
outer  (periderm)  layer  of  cells.  This  latter 
phenomenon  was  first  described  in  bat  em¬ 
bryos  by  Haeggquist  (22),  who,  however 
found  that  periderm  cells  are  cajiable  of 
mitosis  only  in  young  embryos,  while  later 
the  stratum  basale  is  responsible  for  the  in¬ 
creasing  numbers  of  prickle  cells  in  the 
thickening  epidermis.  The  anatomical  condi¬ 
tions,  as  seen  in  human  embryonic  skin  are 
illustrated  in  f  igure  6.  ^ 

d'he  question  of  the  relationship  between 


defect,  the  epidermis  again  becomes  strati¬ 
fied,  and  the  cells  which  are  in  contact  with 
the  corium  assume  the  character  of  basal 
cells  (3).  On  the  other  hand,  if  small  colonies 
of  epidermal  cells  are  isolated  under  the  con¬ 
ditions  of  tissue  culture  (12,  36)  (Fig.  7)  or 
of  implantation  into  the  subcutaneous  tissue 
of  heterologous  hosts  (48),  it  is  the  basal 
cells  which  survive  and  form  new  layers  of 
prickle  cells  and  keratin.  Again,  in  the  epi- 
thehzation  of  larger  surfaces,  such  as  donor 
sites  of  split  skin  grafts  or  burned  areas,  the 
deep  remnants  of  hair  follicles  and  sweat 
glands  participate  actively  in  the  reconstitu¬ 
tion  of  the  epidermis.  It  is  thus  evident  that, 
at  least  under  temporarily  abnormal  condi¬ 
tions,  all  ectodermal  derivatives  are  equiva¬ 
lent  in  their  power  of  forming  keratinizing 
epidermis. 
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Even  more  direct  evidence  of  the  interre¬ 
lationship  of  basal  cells  and  the  higher  lay¬ 
ers  was  obtained  by  removal  of  part  or  all  of 
the  horny  layer  of  human  epidermis  by 
means  of  stripping  with  Scotch  Tape  (40).^ 


a  burst  of  mitotic  activity  in  the  epidermis 
(Fig.  8).  As  high  as  4  per  cent  of  all  cells  ca- 
I)able  of  mitosis  can  be  found  dividing  in  sec¬ 
tions  removed  48-72  hours  after  stripping 
(Table  4).  Under  these  circumstances  ap- 


P.O.  7.-Sec.ions  .h.ou.h  .He  center  „f  tissue  -Hutes  o,  a,H.t  Hn.an^^ 
shows  exfoliation  of  the  ui)per  layers  of  the  serous  mitoses,  one  of  which  is  shown 

notic  nuclei.  The  basal  layer  not  only  ^  12-dav-old  colony  shows  more  complete  sloughing  of  the 

and  has  begun  to  form  additional  layers  o  .  ,  cdls  iirobably  basal  cells.  The  corium  is 

OKI  cell  material,  including  with  the  u|,|.r  cells.  Two  mitoses  are 

covered  with  several  layers  of  rather  flat,  -^igmiis  there  are  several  layers  of  parakeratotic  flakes. 

t;mal  K— tS:  i:"r:an‘ski:“  not  usually  ohservb  un.ler  the  conditions  of  tissue  culture. 

This  procedure  acts  as  a  powerlui  stimulus 

which,  by  yet  unknown  mechantsms,  ehc.ts  ,dacejn  cells. 

1  This  method  was  originally  developed  by  J-  pjcrures  are  given  in  Table  2.  •  ^ 

Wolf  (Das  obertlachenrelief  der  Katzberg  (28)  recently  found  that  in  the 

Ztschr.  f.  mikr.-anat.  Forsch.,  47:351-4UU, 
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abdominal  skin  of  young  individuals  u{)  to 
the  age  of  twenty  years  the  mitotic  index  is, 
on  the  average,  0.23  in  the  basal  layer  and 
0.26  in  the  spinous  layer.  Both  indices  rise 
with  advancing  age,  but  the  one  for  the  basal 
layer  reaches  much  higher  values,  higures 
are  given  in  Table  5.  Katzberg  (28)  con¬ 
cluded  that  the  rate  of  epidermal  desquama- 


considerable  j)art  of  the  cells  in  the  higher 
strata.  Storey  and  Leblond  (43),  studying 
the  influence  of  tem{)erature  on  cell  division 
in  the  foot  j^ads  of  rats,  reported  that  mi¬ 
toses  occur  in  the  lower  third  of  the  stratum 
germinativum.  Figure  9,  reproduced  from 
their  paper,  shows  practically  all  the  mitoses 
in  or  near  the  basal  layer. 


A 


tm.  8.  Sections  illustrating  the  effect  of  striiijiing  with  Scotch  Tape.  Skin  of  the  forearm  of  the  same  in 
dividual  whose  norma  epidermis  is  shown  in  Fi<r  ^  v  i a  i  i  r  lorearm  oi  int  same  in- 

.l,se„..  Ear,,  si«„s  o,  cieh,<lrati„rat  .  L'oStf  ^  Zh 

koralin  layer  logins  to  lor^rvc 


tion  increases  with  advancing  age  and  that 
the  basal  layer  contributes  proportionately 
larger  numbers  of  cells  to  the  higher  layers 
as  time  goes  on.  Henry  ei  al.  (25),  working 
with  the  oral  epithelium  of  rabbits,  found 
approximately  60  per  cent  of  mitoses  in  the 
basal  layer  and  concluded  that  in  this  tissue, 
with  its  higher  rate  of  desquamation  (mi¬ 
totic  index  5.1),  the  basal  layer  furnishes  a 


It  would  seem  obvious  from  these  data 
that  there  is  no  strict  separation  between 
basal  cells  and  prickle  cells.  Even  if  in  qui¬ 
escent  epidermis  more  cell  divisions  take 
place  in  the  higher  strata,  the  various  ele¬ 
ments  are  interchangeable  in  their  potenti¬ 
alities,  and  the  general  concept  of  a  gradual 
movement  from  the  basal  layer  outward  ap¬ 
pears  well  established. 
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V.  RENEWAL  TIME 


It  is  only  in  recent  years  that  attempts 
have  been  made  to  estimate  the  renewal 
time  of  the  epidermis.  Sutton’s  (44)  experi¬ 
ment,  using  silver  nitrate  and  observing  the 
disappearance  of  the  stain,  was  mentioned 
before.  Another  approach  through  direct  ob¬ 
servation  was  used  by  von  Volkmann  (49), 
who  pricked  India  ink  into  the  epidermis  of 


tion  of  mitosis.  If  the  number  of  cells  in  a 
tissue  is  constant,  as  one  can  assume  it  to  be 
in  adult  normal  skin,  the  renewal  time  can 
be  defined  as  the  time  needed  for  the  number 
of  cells  to  double.  This  can  be  found  by 
dividing  the  number  of  resting  cells  by  the 
number  of  dividing  cells  and  multiplying  the 
quotient  by  the  mitotic  time. 


TABLE  4 


Number  of  Resting  .and  Dividing  Cells  in  Human  Epidermis 
Stimulated  by  Stripping  (40) 

EXPERIMENT  I.  COMPLETE  STRIPPING;  TIME  VARIABLE 


Time 

(Hours) 

Basal- 

Cell 

Nuclei 

Prickle- 

Cell 

Nuclei 

.All 

Inter- 

mitotic 

Nuclei 

Kerato- 

hyalin 

Nuclei 

Para- 

keratotic 

Nuclei 

.All 

Post¬ 

mitotic 

Nuclei 

All 

Nuclei 

All 

Mitoses 

Per  Cent 
of 

Inter- 

mitotics 

Normal . 

22,400 

46,000 

68,400 

3,300 

3,. 500 

71,700 

107 

0. 16 

1 

17  500 

40,800 

58,300 

5,400 

63,700 

193 

0.33 

2 . 

1  1 

IS  900 

35  300 

51,200 

7,300 

58,500 

107 

0,21 

u’  ^00 

30*600 

44,800 

11,200 

56; 000 

44 

0. 10 

36 

11 '900 

36,500 

48,400 

3,100 

13,400 

16,500 

64,900 

98 

0.20 

47 

10,900 

33,400 

44,. 500 

9,. 500 

10,900 

20,200 

64,500 

888 

2.00 

72 . 

li;300 

37,100 

48,400 

7,900 

20,100 

28,000 

76,400 

1,907 

3,94 

EXPERIMENT  2.  48  HOURS  AFTER  VARIABLE  NUMBER  OF  STRIPS 


No.  OF 
Strips 

Number  of  Nuclei  per  Square  Millimeter 

Per  (  E.\T  of 
Intf.r- 

MITOTICS 

Basal 

Cells 

Prickle 

Cells 

All  Inter- 
mitotics 

All  Post- 
mitotics 

All 

Nuclei 

All 

Mitoses 

r4 . 

14 . 

22 . 

32 . 

15.600 

19.600 
17,900 
17,400 

31,500 

28,300 

30,100 

28,700 

47.100 
47,900 
48,000 

46.100 

2,400 

2,900 

4,000 

3,600 

49,. 500 
.50,800 
52,000 
49,700 

.572 

395 

983 

2,156 

0.79 

0.82 

1.73 

4.68 

the  foot  pads  of  guinea  pigs  and  into  various 
regions  of  human  skin.  Watching  the  grad¬ 
ual  disappearance  of  the  ink,  he  found  a  re¬ 
newal  time  of  40-50  days  for  the  thick  skin 
of  the  guinea  pig,  32-S6  days  for  the  human 
hypothenar.  A  possible  objection  to  these 
results  is  the  traumatic  factor,  which  may 
have  accelerated  the  rate  of  extrusion  of  the 
foreign  material.  Several  other  authors  used 
indirect  methods  and  calculated  renewal 
time  from  the  mitotic  index  and  the  dura- 


The  latter  factor  injects  an  amount  of 
uncertainty  into  such  calculations,  because 
the  duration  of  mitosis  has  been  reported 
variously  as  from  15  minutes  to  2  hours,  the 
length  of  time  depending  somewhat  on 
which  stages  of  the  mitotic  process  were  in¬ 
cluded  in  the  estimate.  The  matter  is  further 
complicated  in  the  epidermis  by  the  two 
factors  that  the  daughter-cell  of  a  basal  cell 
may  divide  once  more  before  it  reaches  the 
surface  and  that  the  number  of  cells  in  the 
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keratin  layer  is  unknown,  as  nobody  has  yet 
devised  a  method  of  counting  these  non- 
nucleated  flakes.  Knowlton  and  Widner 
(29),  who  determined  mitotic  and  intermi- 
totic  times  in  mouse  tissues  by  causing  mi¬ 
totic  arrest  through  the  use  of  roentgen 
rays,  found  a  mitotic  time  of  30.2  ±  12 
minutes  for  the  epidermis  of  the  ear.  The 
intermitotic  time  was  calculated  to  be 
670  ±  300  hours  (about  28+12  days). 
Henry  el  al.  (25),  using  colchicine  arrest  on 
the  oral  epithelium  of  the  rabbit,  reported  a 
mitotic  time  of  64  minutes.  While  the  mi¬ 
totic  time  has  usually  been  considered  to  be 
a  constant,  although  it  may  vary  from  one 
cell  to  the  ne.xt  and  from  one  mitotic  division 
to  the  next  following  division — at  least  in 


jection  of  the  drug  furnishes  the  actual  num¬ 
ber  of  cell  divisions  which  would  have  taken 
place  during  this  period;  but  they  did  not 
attempt  to  include  the  keratin  layer  in  their 
calculations. 

TABLE  5 


Life-Span  of  Epidermal  Cells  (28) 


Age 

(Years) 

Ratio  of  Resting  to 
Mitotic  Cells 

Life-Span  in  Days  = 
RatioXO.5-^  24 

Basal 

Spinous 

Basal 

Spinous 

0-20. . . . 

4,377 

3,902 

91,2 

81 .3 

21-40. . , . 

2,068 

2,908 

43.  1 

60.6 

41-60. .  . 

1 ,366 

2,713 

28.5 

56.5 

61-80.  .  .  . 

1,318 

2,750 

27.5 

57.3 

i.o.iyUiu  wwir.hirmri  i'-  of 

region  of  the  slratun.  germinativum  L‘t  Stofev  a™i  I  el  f  "+  ’fto'  "'«»l>haae8  are  visible  in  the  lower 
blond  ami  the  New  fork  Academy  of  Sciences.)'  ‘  by  permission  of  t)r.  I,c- 


tissue  cultures,  which  offer  the  only  means 
of  direct  observation  (32)— it  has  been  re¬ 
ported  by  Ilullough  (11)  that  the  mitotic 
time^in  female  mice  varies  from  45  minutes 
to  hours,  depending  on  the  stage  of  the 
estrus  cycle.  Storey  and  Leblond  (43)  cir¬ 
cumvented  this  difflculty  by  assuming  that 
colchicine  arrests  all  nuclei  entering  mitosis 
during  a  6-hour  iieriod  and  that  counting 
the  number  of  metajihases  6  hours  after  in- 


In  general,  authors  were  satisfied  to  esti¬ 
mate  the  life-span  of  average  cells  in  the 
various  nucleated  layers.  Hoffman  (27),  bas¬ 
ing  his  calculations  on  Thuringer’s  figures 
and  the  measurement  of  that  author’s  pub¬ 
lished  photomicrographs,  concluded  that 
the  average  cell  remains  in  the  human  basal 
layer  for  3,100  hours  (129  days),  in  the 
spinous  layer  for  2,900  hours  (121  days)  and 
in  the  keratohyalin  layer  for  190  hours’(7-8 
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days).  These  figures  appear  open  to  criticism 
for  various  reasons,  the  main  one  being  that 
Hoffman  (27)  did  not  take  the  third  dimen¬ 
sion  into  account  when  he  based  his  counts 
and  measurements  on  reproductions  of  pho¬ 
tomicrographs.  Katzberg’s  (28)  figures, 
which  were  based  on  actual  counts  of  human 


epidermis,  are  given  in  Table  5.  Both  au¬ 
thors  arrived  at  considerably  longer  renewal 
times  than  those  observed  by  von  Volk- 
mann  (49)  on  human  skin.  Similarly, 
Storey  and  Leblond’s  (43)  figure  of  19.1  days 
for  renewal  of  rete  plus  stratum  granulosum 
of  the  rat’s  foot  pad  is  much  longer  than 


TABLE  6 

Some  Figures  on  Renewal  Time  of  Epidermal  Layers, 
Life-Span  of  Cells,  and  Intermitotic  Time 
.\ccoRDiNG  to  Various  Authors 


Author  and  Year 

Material 

Basal  Layer 

Spinous  Layer 

Granular  Layer 

Keratin  Layer 

Sutton  (1938) 

(44) . 

Man 

Various  regions, 
observed  renew¬ 
al  time 

7-11  days 

Hoffman  (1949) 
(27) . 

Scalp,  renewal 
time  calculated; 
Thuringer’s  ma¬ 
terial 

Intermitotic  time, 
calculated 

3,100  hours 
(129  days) 

3, 100  hours 

2,900  hours 
(121  days) 

740  hours 

190  hours  (7-8 
days) 

Von  Volkmann 
(1950)  (49).... 

Katzberg  (1952) 
(28) . 

Hypo- 

thenar 

Arm 

I’orearm 

Thigh 

Leg 

Ob¬ 

served 

renew¬ 

al 

time 

Total  thickness,  32-36  days 

Total  thickness,  17  days 

Total  thickness,  17  days 

Total  thickness,  30  days 

Total  thickness,  29  days 

Abdominal  skin, 
calculated  life¬ 
span 

0-20  years 

2 1-40  years 

41-60  years 

61-80  years 

91 . 2  days 

43 . 1  days 

28 . 5  days 

27.5  days 

81.3  days 

60 . 6  cays 

56.5  days 

57.3  days 

Von  Volkmann 
(1950)  (49) . . . . 

K  now  1  ton  and 
Widner  (1950) 
(29)  . 

Other  Species 

Guinea  iiig,  foot 
pad,  observed 
renewal  time 

Combined  1-2  days 

Total  thick 

5-6  days 

less,  6-7  weeks 

Lower  two-thirds, 
13  days;  upper 
third,  3  weeks 

Mouse,  ear,  inter¬ 
mitotic  time, 
calculated 

670  ±300  hours  (28±  12  days) 

Storey  and  Le- 
blond  (1951) 
(43) . 

Rat,  foot  pad,  re¬ 
newal  time, 
calculated 

Combined  16.9  days 

2 . 2  days 

f 
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von  Volkmann’s  (49)  7  clays  for  the  cor¬ 
responding  layers  in  the  guinea  pig.  It  is 
very  likely  that  the  trauma  of  the  latter 
author’s  experimental  procedure  caused  ac¬ 
celerated  proliferation  in  the  epidermis.  It 
must  be  realized  that  “normal”  renewal 
time  of  the  epidermis  probably  varies  within 
wide  limits  and  is  subject  to  sudden  fluctua¬ 
tions  caused  by  minor  stimuli  (see  Table  6). 
If,  as  has  been  shown  experimentally,  the 
mere  removal  of  a  few  superficial  keratin 
layers  by  the  application  of  four  consecutive 
strips  of  Scotch  Tape  can  raise  the  mitotic 
index  from  1.6  to  7.9  (Table  4),  then  it  is 


very  likely  that  a  good  scrubbing  with  soap 
ancl  water  or  increased  loss  of  keratin  through 
friction  or  other  factors  may  alter  the  rate 
of  epidermal  proliferation  considerably. 

Depressed  mitotic  activity  in  the  epi¬ 
dermis  may  cause  a  decrease  in  the  rate  of 
cell  loss.  Recently  Bullough  and  Ebling- 
found  that  in  adult  male  mice,  maintained 
on  calorically  inadequate  diets  over  a  4- 
week  period,  epidermal  mitotic  activity  was 
depressed  to  25  per  cent  of  normal  without 
noticeable  atrophy  resulting.  As  pointed  out 
by  the  authors,  this  must  have  been  due  to 
decreased  loss  of  cells. 


VI.  OTHER  FACTORS  AFFECTING  MITOTIC  ACTIVITY 


In  addition  to  minor  banal  stimulation, 
variables  affecting  epidermal  mitotic  ac¬ 
tivity  are  the  phenomena  of  rhythmicity 
and  periodicity.  Periodic  grouping  of  mi¬ 
toses  in  areas  about  100  ji  in  diameter,  as 
reported  by  Thuringer  (46),  was  confirmed 
by  other  observers.  Henry  et  al.  (25)  showed 
in  the  oral  epithelium  of  the  rabbit  that 
these  areas  of  high  mitotic  activity  are  not 
fixed  but  change  their  places.  Cooper  (13) 
described  a  daily  rhythm  in  the  epidermis  of 
human  prepuce  and  of  mouse  ears.  While 
the  peak  of  mitotic  activity  in  babies  was 
10:00  P.M.,  the  low  between  5:00  and  10:00 
A.M.,  the  reverse  was  true  for  the  mouse 
(peak  at  10:00  a.m.,  least  activity  at  10:00 
P.M.).  Cooper  and  Franklin  (14)  suggested 


that  the  difference  may  be  explained  by  the 
nocturnal  habits  of  mice.  This  hypothesis 
was  proved  correct  by  Bullough  (7),  who 
could  change  the  peak  activity  by  changing 
the  feeding  and  resting  time  of  his  mice. 
Other  observers  confirmed  this  daily  rhythm 
in  man  and  other  species. 

Bullough  (10)  further  elucidated  the 
mechanism  of  epidermal  cell  activity  by 
showing  that  increased  oxygen  tension,  in¬ 
creased  glucose  levels  in  the  blood,  and 
male  as  well  as  female  hormones  favorably 
influenced  the  number  of  epidermal  mitoses 
in  mouse  skin.  The  influence  of  various  hor¬ 
mones  on  epidermis  and  hair  has  been  the 
subject  of  a  considerable  number  of  in¬ 
vestigations  in  recent  years. 


VII.  ELLMINATION  OF 

The  life-cycle  of  the  epidermal  cells, 
which  moves  newly  formed  cells  gradually 
outward,  also  causes  any  extraneous  matter 
that  enters  the  epidermis  from  below  to  be 
moved  to  the  surface.  To  give  just  one 
example,  it  has  been  shown  by  Freudenthal 
(  9)  that  in  cutaneous  amyloidosis  small 
particles  of  amyloid  often  are  taken  into  the 
epidermis  and  are  then  carried  to  the  sur¬ 
face.  Erythrocytes  have  the  same  fate 
while  white  blood  cells,  granulocytes  as  well’ 
as  lymphocytes,  probably  add  their  active 
rnotihty  to  this  general  tendency.  Figure  10 
shows  elastic  fibers  incorporated  in  various 
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layers  of  the  epidermis  over  an  old  scar,  and 
It  can  be  assumed  that  they  are  being 
eliminated  in  this  manner.  These  instances 
illustrate  an  unusual  mechanism  for  the 
excretion  of  particulate  matter  onto  the 
body  surface,  while  the  loss  of  fluids  is  ef¬ 
fectively  sealed  by  the  obliteration  of  inter¬ 
cellular  spaces  in  the  granular  and  eleidin 
ayers  and  by  a  special  barrier  action  of  the 
lower  stratum  corneum  (5)  (p.  32).  It  may 


placement  in  the  ei)idermis  and  sei 
of  the  mouse,  J.  Anat.,  86:29-34,  It 


Cell  re- 
glands 


598 


Physiology  and  Biochemistry  of  the  Skin 


also  be  mentioned  that  granular  melanin 
pigment,  which  is  formed  by  the  junctional 
melanocytes  and  taken  up  by  the  epidermal 
basal  cells,  is  carried  upward  and  eventually 
shed  with  the  horny  layer.  This  process  is 


ment  moves  from  the  epidermis  downward 
into  the  corium  and  is  carried  into  the  re¬ 
gional  lymph  nodes.  Some  figures  concern¬ 
ing  epidermal  regeneration  are  compiled  in 
Table  6. 


Fig.  10.— Section  of  human  skin  from  the  face,  showing  an  old  scar.  Elastic  fibers  are  f  ^ 

are  seen  in  the  corium  and  also  incorporated  in  the  epidermis  at  various  levels.  The  cleft  between  corium 
and  epidermis  is  an  artifact  which  occurred  during  the  preparation  of  the  section. 


obvious  in  darkly  pigmented  skins  but  can 
be  demonstrated  even  in  light  skins  by 
treatment  of  the  horny  layer  with  ferrous 
salts  or  silver  nitrate  (42).  On  the  other 
hand,  and  particularly  in  inflamed  skin,  pig- 


In  summarizing  this  chapter  it  may  be 
said  that  recent  investigations  have  added 
much  to  our  knowledge  of  epidermal  bi¬ 
ology,  but  many  facets  of  this  subject  re¬ 
main  to  be  explored. 
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1.  FUNCTIONS  OF  HAIR 

decline  of  H 

U'.MR  is  one  of  the  iTiost  characteristic 
11  products  of  mammalian  skin.  Hairi¬ 
ness  has  been  considered  such  a  distinctive 
feature  that  the  terms  “Trichozoa”  or  “Pi- 
lifera  ”  i.e.,  animals  with  hair,  have  been 
suggested  to  denote  the  mammals,  d'he 
hairy  coat  fulfils  a  number  of  functions 

(276). 

a.  mechanical  pkotfxtion 
d'he  scalp  hair  forms  a  protective  cu^iion 
around  the  head  and  minimizes  the  effects 
of  trauma.  This  effect  is  very  slight  m  man, 
it  has  been  estimated  that  the  hairy  covering 
on  1  sq.  cm.  of  the  scalp  could  support  only 

l,ut"22.5  gm.  of  weight  (26).  Ha.rs  ,n  and 

aroun.l  openings,  like  the  T?) 

lashes,  hairs  in  the  nostnis  and  ^ 

canals,  protect  the  structures  ^  ^ 

they  are  located  against  minor  e.xternal 


AND  PHYLOGENETIC 
AIR  IN  MAN 

harmful  influences,  d’hus  the  sweat  pouring 
from  the  forehead  is  diverted  by  the  eye¬ 
brows  away  from  the  eyes;  vibrissae  filter 
the  inhaled  air;  hairs  in  the  external  ear 
canal  are  very  sensitive  to  tactile  stimuli, 
such  as  stray  insects  or  foreigm  bodies.  In  the 
axillae  and  around  the  genitalia,  the  hairs 
reduce  the  effect  of  rubbing  by  preventing 
direct  contact  between  two  adjacent  sur¬ 
faces  Thew  function  in  these  areas  has  been 
likened  to  that  of  roller  bearings.  However, 
this  protection  is  of  minor  importance,  be- 
cause  shaving  of  the  a.xillary  vaults  does  not 
lead  to  increased  irritation.  I  he  low  i 
cidence  of  contact  dermatitis  on  ^ 

probably  to  a  large  extent  attributable 

the  protective  effect  of  hair. 

In  lower  animals  the  protective  action  of 
hair  and  of  hairlike  epidermal  structures  is 
much  more  pronounced,  for  e.xamp  e. 
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manes  of  lions  offer  some  protection  against 
claws;  the  tail  hair  of  cattle  acts  as  a  fly 
swatter;  spines  and  quills  provide  a  formi¬ 
dable  armor;  etc.  (404).  The  color  of  the  fur 
and  its  seasonal  changes  helj)  in  blending 
animals  with  their  surroundings.  In  the 
course  of  human  ev'olution  these  defensive 
devices  have  completely  disappeared,  in  the 
same  way  as  j)ilomotion,  a  defensive  device, 
has  lost  its  original  puri)Ose  in  man. 

B.  PROTECTION  AG.4INST  ULTRAVIOLET 
AND  HEAT  RAYS 

In  man,  scalp  hair  jirovides  protection 
against  ultraviolet  and  heat  rays. 

C.  THERMOREGULATORY  FUNCTION 

In  furred  animals  the  thermoregulatory 
function  is  of  vital  importance.  Keratin  is  a 
poor  heat  conductor;  this  e.xplains  the  use  of 
woolens  and  furs  for  human  clothing.  Of 
even  greater  insulating  value  are  the  air 
layers  trapped  between  the  hairs  over  the 
body.  In  the  words  of  McGlone  and  Bazett, 
“the  hairs  allow  even  e.xposed  areas  of  the 
body  to  have  a  special  environment  and  al¬ 
most  maintain  a  ‘private  climate’  similarly 
to  .  .  .  clothed  areas”  (p.  247).  These  au¬ 
thors  found  that  the  surface  of,  and  the  air 
adjacent  to,  shaved  areas  had  a  lower  tem¬ 
perature  than  hairy  areas  had  (290). 

The  important  role  of  the  hairy  coat  in 
conserving  heat  was  strikingly  demonstrated 
by  Benedict  and  Fox  (32)  when  they  meas¬ 
ured  the  energy  metabolism  of  normal  and 
hairless  mice  at  various  environmental  tem¬ 
peratures  (Table  1). 

It  has  been  stated  that  the  relative  im¬ 
portance  of  inliary  insulation  in  the  thermo¬ 
regulatory  system  increases  with  the  size  of 
the  animal  and  reaches  major  i)roj)ortions  in 
certain  species,  such  as  the  sheep  (210).  In 
man,  however,  with  the  disapjiearance  of 
hair  from  most  portions  of  the  body,  hair 
has  lost  its  protective  function  against  cold, 
with  the  excei)tion  of  scalj)  hair.  Phyloge- 
netically,  the  loss  of  a  natural  fur  coat  in 
man  had  gone  hand  in  hand  with  the  de¬ 
velopment  of  eccrine  sweat  glands  over  the 
entire  skin  surface  and  with  an  efficient 


nervous  and  humoral  control  of  the  sweat 
apj)aratus.  Thereby  man  has  acquired  pro¬ 
tection  against  severe  heat  far  superior  to 
that  of  other  mammals  (381)  (p.  180). 

D.  DISPOSAL  OF  SWEAT  AND  WATER 

The  hairy  covering  with  its  large  surface 
[ironiotes  the  evajioration  of  sweat  and 
helps  in  draining  water  from  the  skin  after 
bathing  or  following  exposure  to  rain.  In  the 
tree-dwelling  anthropoid  apes  (orang)  the 
hair  slojies  have  a  direction  favoring  the 


tablp:  1 

Enrr(;y  Metabolism  of  Norm.xl  and 
IlAiRi.Ess  Mice  (32) 


Normal 

Hairless 

Zone  of  Theimal  E(|uilibrium* 

M  ice 

M  ice 

(28?5  C.) 

(34°  C.) 

Cal/sq  meter/24  hr  i)roduced 

at  zone  of  thermal  equilibri- 

um . 

640 

750 

Heat  production  at  about 

16°  C . 

935 

Ca.  2,250 

*  Zone  of  thermal  etiuilihrium  is  the  temjierature  at  which 
the  metabolic  heat  is  dissipated  into  the  environment  at  the  rate 
of  its  production  (chap.  10). 


drainage  of  water,  and  the  fur  serves  as  a 
raincoat  (403).  Originally,  the  human  beard 
may  have  served  the  same  purpose  (404). 

e.  sexual  function  of  hair 

The  function  of  hair  in  sexual  life  is  ap¬ 
parent  when  we  consider  that  even  a  hair¬ 
less  mammal,  like  man,  has  retained  hair  in 
areas  of  sexual  importance.  In  the  axillary 
and  pubic  regions,  hair  promotes  the  evapo¬ 
ration  of  apocrine  sweat  and  provides  sexu¬ 
al  attraction;  the  pubic  hair  also  receives 
and  transmits  tactile  stimuli  during  sexual 
activity.  Magical  beliefs  in  the  power  and 
imjiortance  of  hair,  as  e.xemplifled  by  bibli¬ 
cal  stories  and  common  superstitions,  have 
their  origins  in  this  primitive  sexual  function 
(23). 

F.  TACTILE  FUNCTION  OF  HAIR 

Hair  IS  a  tactile  organ.  It  acts  like  a  lever, 
magnifying  and  transmitting  touch  stimuli 
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to  the  rich  nervous  plexuses  around  the  hair 
follicles.  In  man,  touching  of  the  eyelashes 
provokes  a  lid  reflex;  tactile  stimulation  of 
hairs  in  the  external  ear  canal  of  cats  pro¬ 
vokes  a  violent  scratch  reflex  (p.  138).  Re¬ 
moval  of  the  hairs  raises  the  tactile  thresh¬ 
old.  Thus  on  9  sq.  mm.  of  a  shaved  skin  sur¬ 
face  the  minimum  stimulus  required  to 
elicit  a  tactile  sensation  was  found  to  be  36 
mg.;  on  the  same  surface,  before  it  was 
shaved,  2  mg.  was  effective  (409).  The 
whiskers  of  animals  are  important  tactile 
organs.  Like  the  antennae  of  insects,  they 
supplement  vision  and  transmit  tactile  in¬ 
formation  about  widths  of  pathways  which 
the  animal  can  pass  with  safety. 


TABLE  2 

Density  of  Hair  in  Primates  (385) 
(.\verage  Density  of  Hair/Sq  Cm) 


Species 

Scalp 

Back 

Chest 

Platyrrhine  monkeys 

1 ,852 

1,737 

610 

Gibbons . 

2,035 

1,727 

666 

.Anthropoid  apes.  .  .  . 

307 

276 

60 

Alan . 

312 

0 

1 

From  the  above  enumeration  it  is  obvious 
that  hair  is  not  essential  for  the  well-being 
of  the  human  species.  In  sharp  contrast, 
hair  is  essential  for  lower  animals  in  their 
struggle  for  survival.  As  a  rule,  naked  mu¬ 
tants  of  furred  animals  are  biologically  in¬ 
ferior  and  less  viable  than  their  hairy  coun- 
ter[)arts,  although  this  may  be  due,  at  least 
partly,  to  other  concomitant  biological  de¬ 
fects.  In  man,  in  the  course  of  evolution,  the 
hairy  coat  became  reduced  to  the  jioint  of 
{lartial  disappearance  from  the  major  ])art 
of  the  body  surface,  and  human  hair  has 
become  a  rudimentary  organ. 

G,  PHYLOGENETIC  DECLINE  OF  IMPOR¬ 
TANCE  IN  MAN 

The  reduction  of  the  number  of  hairs  in 
the  course  of  evolution  has  its  beginning  in 


the  anthropoid  apes.  Hair  loss  in  man  may 
be  considered  to  be  the  most  extreme  mani¬ 
festation  of  an  evolutionary  trend.  The 
painstaking  data  of  Schultz  on  the  density 
of  hair  in  jmmates  well  illustrate  this  trend 
(Table  2)  (385).  In  this  case,  too,  human 
ontogeny  repeats  jihylogeny.  The  densities 
of  hair  in  6-month-old  fetuses  of  man  and 
anthropoid  apes  are  very  similar;  at  this 
age,  man  may  be  even  more  hairy  than  the 
anthropoid  apes.  In  the  newborn  human 
infant  the  number  of  hairs  is  already  greatly 
reduced  (295). 

It  is  not  known  what  gave  rise  to  the 
hairless  condition  of  man.  Vivid  imagina¬ 
tions  have  attributed  the  hair  loss  to  man’s 
superior  brain  power,  which  made  the  dis¬ 
covery  of  fire  possible,  enabled  him  to 
seek  shelter  in  caves,  and  thus  made  hair  un¬ 
necessary  (403).  Hairless  man  may  have  had 
an  advantage  in  his  fight  against  vermin. 
The  possibility  of  temporary  hair  loss  during 
lactation,  as  occurs  in  other  species,  has  also 
been  considered;  such  loss  of  hair  would 
have  prevented  matting  of  the  hair  during 
breast  feeding  (360).  Whatever  the  cause,  it 
is  probably  safe  to  speculate  that  the  origi¬ 
nal  hairless  man  was  a  mutant  (91).  Naked 
mutants  have  been  described  in  a  large  va¬ 
riety  of  species  (436),  such  as  the  fowl  (100), 
mouse  (91,  102,  82,  104),  rat  (102,  363), 
rabbit  (102,  69),  horse  (436),  cattle  (90),  dog 
(263),  cat  (264),  and  swine  (103).“  Although 
most  of  the'  mutants  are  biologically  in¬ 
ferior,  some,  like  the  Mexican  hairless  swine, 
are  normal  and  healthy  in  all  respects.  In 
man  the  hairless  condition,  together  with  a 
more  efficient  thermoregulatory  system, 
may  have  made  it  possible  for  him  to  thrive 
in  hot  climates  and  w'as  no  obstacle  in  the 
way  of  ada})ting  himself  to  cold  tempera¬ 
tures  by  clothing. 

2.  For  additional  references  on  hairless  species 
consult  'I'higpen  (436)  and  Bol)erts  et  at.  (363). 
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II.  THE  HAIR  CYCLE 


With  the  possible  exception  of  a  few  spe¬ 
cies,  like  the  Angora  rabbit  and  sheep  (122), 
in  most  animals  the  hair  follicles  do  not 
produce  hair  continuously.  Periods  of  ac¬ 
tivity  alternate  with  periods  of  rest.  During 
these  stages  the  hair  follicles,  hair  shafts, 
and,  in  lower  animals,  the  other  appendages 
and  layers  of  the  skin  undergo  characteristic 
changes,  commonly  referred  to  as  the  “hair 
cycle.”  The  hair  cycle  may  be  defined  as  the 
period  which  begins  with  the  formation  and 
growth  of  a  new  hair,  followed  by  a  resting 
stage,  and  ending  with  the  growth  of  an¬ 
other  new  hair  from  the  same  follicle.  To 
understand  this  i)rocess,  it  is  necessary  to 
I)resent  a  brief  outline  of  the  mor[)hologic 
aspects  of  the  events  occurring  during  the 
growth  and  rejdacement  of  the  hair. 

A.  MACROSCOPIC  STUDIES  OF  THE 
HAIR  CYCLE 

The  replacement  of  hair  in  animals  may 
be  studied  in  a  number  of  ways. 

1.  In  albino  animals  the  most  com¬ 
monly  used  method  consists  of  close  cliiijiing 
of  the  fur,  with  subsequent  observation  of 
the  rate  and  regions  of  regrowth.  Shaving  of 
the  skin  is  less  suited  for  such  studies,  as  it 
may  lead  to  epidermal  damage,  with  dis¬ 
turbance  in  the  normal  sequence  of  hair 
cycles  (p.  611). 

2.  Another  method  of  visualizing  the  re¬ 
placement  of  hair  is  by  dyeing  the  albino  fur 
with  a  permanent  stain,  like  picric  acid  (244) 
or  proflavine  (122).  The  newly  grown  white 
hair  stands  out  in  sharp  contrast  to  the  old 
yellow-colored  coat.  An  ingenious  technic  of 
systemic  administration  of  a  dye  (9-phenyl- 
5,6-benzoisoalloxazine)  has  been  develojied 
by  Haddow  cl  al.  for  the  demonstration  of 
the  newly  grown  fur  of  albino  rats.  The 
orange-yellow  i)igment  is  taken  uj)  by  the 
newly  formed  hair,  presumably  because  of 
the  increased  vascularity  in  the  area  of 
rapid  growth  (193). 

3.  The  most  convenient  way  of  observing 
the  hair  cycles  is  afforded  by  colored  ani¬ 


mals.  Pigment  jiroduction  in  the  hair  papilla 
declines  before  the  hair  attains  its  full 
length.  Hence  the  proximal  portion  of  the 
fully  grown  hair  shaft  is  lighter  in  colored 
animals  than  the  distal  part.  On  the  other 
hand,  the  newly  formed  hairs  are  strongly 
pigmented  and  shine  through  the  epidermis 
even  before  their  eruption  above  the  skin 
surface.  Areas  of  regrowth  are  therefore 
strongly  pigmented.  Growing  black  hairs 
impart  to  the  skin  a  characteristic  bluish- 
black  color  before  their  appearance  on  the 
skin  surface.  The  dark  areas  of  active  growth 
can  be  easily  differentiated  from  pale  resting 
skin  areas  after  the  fur  has  been  clipped  or 
jiarted  by  blowing  gently  ov^er  it. 

It  has  been  established  that  the  different 
mammalian  species  belong  to  one  of  the  fol¬ 
lowing  three  groups  (122): 

1.  Animals  in  which  the  follicles  are  in  a 
continuous  state  of  activity,  like  the  sheep 
or  Angora  rabbits  (122);  in  the  latter  spe¬ 
cies,  however,  there  may  be  resting  periods 
(71). 

2.  Animals  with  more  or  less  simultane¬ 
ous  cyclic  activity  in  all  follicles.  In  other 
words,  hair  is  replaced  all  over  the  body  at 
about  the  same  time,  and  adjacent  follicles 
are  in  the  same  phase  of  the  hair  cycle. 
These  simultaneous  jihases  of  growth  and 
inactivity  are  especially  well  jironounced 
during  the  first  few  hair  cycles  in  life.  As  the 
animal  grows  older,  the  rejilacement  of  hair 
proceeds  more  and  more  in  a  wavelike  fash¬ 
ion.  W  ith  increasing  age,  the  spread  of  these 
waves  slows  down.  After  several  cycles  the 
replacement  of  the  hair  becomes  irregular, 
because  a  new  wave  may  start  before  the 
e.xpiration  of  an  old  one  and  thus  several 
waves  may  sjiread  simultaneously  over  the 
skin.  The  final  jiattern  in  these  species  is  one 
of  irregular  island-like  growth.  In  these 
islands  follicular  activity  occurs  simultane¬ 
ously  in  neighboring  follicles,  while  the  ad- 
jacent  resting  skm  areas  contain  dormant 

olhcles  only.  In  the  next  cycle  the  i>revious- 
ly  active  islands  become  dormant,  and  the 
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surrounding  resting  areas  burst  into  ac¬ 
tivity.  To  this  group  of  mammals  belong, 
among  others,  the  mouse,  (118,  488),  rat 
(208,  111,  59),  and  rabbit  (586). 

5.  In  a  few  species  with  cyclic  follicular 
activity,  rei)lacement  of  the  hair  is  dis¬ 
tributed  in  a  diffuse  or  random  way  among 
the  hair  follicles  (so-called  “mosaic  pat¬ 
tern”)-  In  other  words,  individual  hair  fol¬ 
licles  exhibit  a  great  deal  of  independence, 
and,  at  a  given  time,  two  neighboring  hair 
follicles  may  be  in  different  phases  of  the 
cycle.  The  guinea  pig  (393)  and  cat  (156) 
are  representatives  of  this  group.  IVIan  also 
belongs  in  this  category.  In  man,  however, 
the  situation  is  further  complicated  by  the 
fact  that  the  length  of  the  hair  cycles  varies 
in  different  body  regions  and  that  individual 
hair  follicles  show  a  great  deal  of  autonomy 
in  the  lengths  of  their  periods  of  growth  and 
rest  (101,  100). 

B.  MICROSCOPIC  CHANGES  IN  THE  HAIR 
SHAFT  AND  HAIR  FOLLICLE  DUR¬ 
ING  THE  HAIR  CYCLE 

In  all  species  studied,  the  main  micro¬ 
scopic  changes  which  the  hair  follicles 
and  hair  shaft  undergo  are  essentially  the 
same.  Hair  cycles  have  been  most  extensive¬ 
ly  studied  in  the  mouse  and  the  rat.  In  these 
species  the  early  hair  cycles  have  a  duration 
of  about  1  month;  thus  the  changes  are  tele¬ 
scoped  within  a  short  period  of  time  and 
may  be  followed  with  relative  ease. 

In  the  following  section  a  brief  outline 
will  be  presented  of  the  main  changes  that 
the  hair  shafts  and  hair  follicles  of  man  or 
animals  undergo  in  the  course  of  the  reidace- 
ment  of  hair.  As  already  mentioned,  the  hair 
cycle  affects  other  cutaneous  structures  as 
well;  these  will  be  discussed  later. 

The  hair  cycle  has  been  divided  into 
three  stages:  (1)  the  anagen  stage,  the  phase 
of  active  proliferation;  (2)  the  calagen  stage, 
a  transitional  phase,  characterized  by  cessa¬ 
tion  of  active  i)roliferation  and  by  club  hair 
formation;  and  (3)  the  telogen  (final)  or  resT 
ing  stage  (118).  After  this  stage  the  hair 

cycle  starts  all  over  again. 

The  first  stage  of  the  hair  cycle  to  be 


discussed  will  be  the  catagen  stage.  In  this 
phase  the  actively  growing  hair  is  trans¬ 
formed  into  the  dead  club  hair.  Ordinarily, 
the  hair  matrix  differentiates  into  the  in¬ 
ternal  root  sheath  and  the  hair  shaft,  with 
their  respective  component  layers.  This  dif¬ 
ferentiation  ceases  in  the  catagen  stage.  The 
lowermost  cells  of  the  matrix  degenerate, 
thereby  discontinuing  the  production  of  the 
internal  root  sheath.  At  the  same  time,  the 
connective-tissue  papilla  escapes  from  the 
grasp  of  the  lower  matrix  cells  and  is  no 
longer  inclosed  by  the  matrix.  The  matrix 
cells  over  the  jiapilla,  instead  of  producing 
organized  keratin,  begin  to  multiply  to  form 
a  column  of  dedifferentiated  epithelial  cells. 
During  this  process  the  papilla  becomes  a 
free  cluster  of  connective-tissue  cells,  similar 
to  what  it  was  in  the  primordial  germ  state. 

The  club  itself  is  formed  in  the  upper  por¬ 
tion  of  the  keratogenous  zone,  and  initially 
it  consists  of  a  brush  of  incompletely  ker¬ 
atinized  cells.  Later  the  hair  club  ascends  in 
the  hair  follicle  and  becomes  fully  keratin¬ 
ized.  This  ascent  is  caused  by  the  multiplica¬ 
tion  of  the  matrix  cells,  which  produce  an 
epithelial  cord.  This  solid  cellular  cord 
reaches  up  to  the  level  of  the  sebaceous 
gland.  The  club  is  firmly  fixed  in  this  column 
by  keratinized  spindle-shaped  processes. 
Subsequently,  because  of  cellular  degenera¬ 
tion,  the  epithelial  column  becomes  greatly 
reduced  in  size  and  shortens  to  a  nipple-like 
protrusion  under  the  eifithelial  sac  in  which 
the  club  is  inserted. 

The  hair  club  finds  its  final  resting  posi¬ 
tion  (telogen  j)hase)  in  the  ui)per  portion  of 
the  hair  follicle,  at  the  level  of  the  attach¬ 
ment  of  the  arrector  pili  muscle.  The  final 
length  of  the  visible  hair  shaft  is  reached  at 
this  time.  All  these  events  are  illustrated 
schematically  in  Figures  1,  2,  and  3. 

Although  the  club  hair  is  a  dead  struc¬ 
ture,  a  foreign  body  inserted  into  the  skin,  it 
would  be  erroneous  to  assume  that  its  at¬ 
tachment  in  the  follicle  is  loose.  The  club 
forms  a  firm,  hard  anchor  which  keeps  the 
hair  shaft  in  the  resting  jiosition.  The  re¬ 
moved  club  hair  can  be  easily  differentiated, 
even  with  the  naked  eye,  from  hair  in  the 


\’erlag.) 


Schwanitz  (386).  (Reproduced 


i)y  permission  of  Si)ringer- 


I'lCi.  2.  Schematic  representation  of  liair  cycle,  hrom  left  to  right:  club  formation  and  gradual  ascension 
of  hair  |)apilla,  with  shortening  of  eiiilhelial  column.  Second  figure  from  right:  formation  of  new  hair.  From 
Pinkus  (350)  (Rcjiroduced  by  permission  of  Sjiringer-Verlag.) 


of  eimhelial  column;  g,  formation  of  new  hair  From’  PinkuT(3’sS''lRl‘i'^^'^r'^'Tl''^ ^  shortening 
Verlag.)  ^  ^350).  (Reproduced  by  permission  of  Springer- 
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anagen  stage.  The  club  hair  has  a  solid, 
hard,  dry  white  node  at  its  i)roximal  end; 
the  white  color  of  the  club  is  due  to  lack  of 
pigment.  On  the  other  hand,  the  root  of  the 
still  growing  hair  is  easily  pliable  and  some¬ 
what  moist  and  sticky;  in  pigmented  hairs 
it  has  the  same  color  as  the  rest  of  the  hair 
shaft  (350).  Under  the  microscope  one  can 
see  the  growing  hair  inserted  in  a  sac  of 


epithelial  cells;  the  lowermost  {)ortion  of  the 
hair  shaft  is  somewhat  expanded  and  pig¬ 
mented. 

In  the  anagen  stage  the  first  sign  is  in¬ 
creased  mitotic  activity  in  the  nipple-like 
protrusion  under  the  hair  club.  The  strand 
extends  downward  and  envelops  the  papilla; 
by  continued  cellular  division  the  base  of 
the  entire  follicle  stretches  downward.  The 


Fig.  4. — Human  club  hair  pulled  out  in  vivo  with  ei)ithelial  sac  attached.  (Courtesy  Dr.  Albert  M.  Klig- 
man.)  X27. 


609 


Hair  Growth 


first  sign  of  the  new  hair  is  a  thin  keratinized 
dome;  this  dome  differentiates  into  the  hair 
shaft  of  the  new  hair,  which  pushes  its  way 
past  the  club  hair.  In  man,  as  a  rule,  the  club 
hair  is  not  immediately  extruded  from  the 


follicle  but  remains  there  for  a  while,  simul¬ 
taneously  with  the  new'  hair  (Figs.  4-9). 
For  a  short  time  (in  man,  seldom  exceeding 
a  w'eek),  two  hairs  emerge  from  the  same 
follicle:  the  old  club  hair  and  its  successor 


Fig.  6.— Earliest  stage  in  human  club  hair  for¬ 
mation.  Club  hair  resting  in  upper  part  of  follicle, 
with  long  cordlike  epithelial  connection  to  jiapilla! 
Note  marked  thickening  of  basement  membrane  and 
retraction  of  peripapillary  portion  of  bulb  from  jia- 
pilla.  (Courtesy  Dr.  .\lbert  M.  Kligman.)  X39. 


Cl  .  •  ciuu  nair  lor- 

ZnZ'  "f  cord,  with  ascen- 

X39  ' '"'Cl  M-  Kligman.) 


Fig.  8. — Most  advanced  stage  of  club  hair  forma¬ 
tion.  Pipithelial  column  reduced  to  small  nii)ple-like 
protrusion  at  lower  end  of  follicle.  (Courtesy  Dr.  Al¬ 
bert  M.  Kligman.)  X39. 


j.'jQ  g — Regeneration  of  new  hair.  I’a])illa 
surrounded  by  incompletely  differentiated  hair 
bulb.  Beginning  develojiment  of  keratogenous 
zone  in  new  hair,  (Courtesy  Dr.  Albert  IN  • 
Kligman.)  X75. 
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(448).  In  some  species  the  club  hairs  remain 
in  the  follicle  for  several  subsequent  hair 
generations,  which  explains  the  occurrence 
of  one  kind  of  multiple  hairs  (352). 

C.  ARTIPICIAL  INDUCTION  OF  THE 
HAIR  CYCLE 

The  hair  cycle  is  one  of  the  most  funda¬ 
mental  jihysiologic  processes  displayed  by 
the  skin.  Nevertheless,  its  basic  importance 
for  dermatologic  research  has  not  always 
been  fully  appreciated.  Many  of  our  er¬ 
roneous  notions  about  hair  growth,  a  num¬ 
ber  of  preparations  and  methods  introduced 
for  the  purpose  of  restoring  hair,  and  a 
multitude  of  experimental  studies  of  the 
skin  are  of  little  or  no  value  because  of  the 
experimenters’  failure  to  recognize  the  role 
of  the  hair  cycle. 

One  of  the  most  commonly  encountered 
errors  is  the  failure  to  realize  that  any  non¬ 
specific  cutaneous  “irritation,”  short  of 
damaging  the  hair  follicles,  may  initiate  a 
new  hair  cycle  in  animals.  Such  an  irritative 
measure  is:  plucking  of  the  hair  in  mice 
(104,  84,  85,  73,  74,  76-78),  rats,  hamsters 
(75),  or  rabbits  (386).  In  mice  it  is  suflficient 
to  pull  at  the  hair  without  actually  removing 
it,  in  order  to  initiate  a  new  hair  cycle.  In 
man,  comj)lete  removal  of  a  hair  early  in  the 
cycle  may  lead  to  a  shortened  period  of  rest, 
followed  by  a  new  and  usually  normal  cycle. 
There  is  no  indication  of  a  subsequent  com¬ 
pensatory  lengthening  of  the  cycles.  Break¬ 
ing  of  the  hair,  even  deep  within  the  follicle, 
has  no  obvious  effect  on  the  human  cycle 
(101).  These  findings  have  been  utilized  in 
the  treatment  of  alopecia  areata,  when,  at  an 
early  stage,  the  regenerating  fuzz  was  com¬ 
pletely  removed,  in  an  effort  to  induce  the 
regrowth  of  a  second,  heavier  hair  genera¬ 
tion  in  the  plucked  area  (191). 

Rubbing  (massage)  also  initiates  a  new 
ha^r  cycle  in  dormant  hair  follicles  in  rabliits 
(274,  127,  140),  cats  (156),  and  dogs  (274). 
Failure  to  recognize  this  simple  fact  is 
directly  responsible  for  the  introduction 
into  dermatologic  therapy  of  such  magic 
hair  restorers  as  cholesterol  and  for  unwar- 
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ranted  speculations  about  its  nutritive 
value  for  the  hair  follicle  (226). 

Cutaneous  application  of  irritating  sub¬ 
stances,  like  tar,  phenol,  chrysarobin,  croton 
oil  (273),  or  cignolin  (127)  on  the  rabbit  skin 
may  induce  new  hair  growth.  Injection  into 
rabbit  skin  of  such  divergent  products  as 
skatol,  acetic  acid  (70,  339),  staphylococci 
(220),  mistletoe  extract  (246),  or  infection 
with  smallpox  or  diphtheria  (194)  may  have 
the  same  effect.  Dormant  follicles  of  under¬ 
fed  rats  have  been  stimulated  to  activity  by 
repeated  cutaneous  applications  of  benzoic 
acid,  tincture  of  cantharides,  or  capsicum, 
xylene,  acetic  acid,  or  by  injection  of  hista¬ 
mine  (60).  It  has  been  claimed  that  the  irri¬ 
tation  must  be  severe  and  conducted  for 
several  days  in  order  to  be  effective.  It  must 
be  remembered,  however,  that  in  activations 
of  resting  hair  follicles  a  certain  time-lag 
period  elapses  before  the  effect  becomes 
noticeable  macroscopically.  This  latency  pe¬ 
riod  is  8-12  days  long  and  represents  the 
time  required  for  the  activated  hair  to  reach 
the  skin  surface  or  to  cause  the  characteristic 
deeply  pigmented  areas  in  colored  animals. 
This  period  cannot  be  shortened  in  any 
way.  It  is  understandable,  therefore,  why  it 
was  impossible  to  advance  the  beginning  of 
the  second  hair  cycle  in  the  rat  (which 
normally  starts  on  the  thirty-fourth  day  of 
life)  when  the  irritating  treatment  was  ad¬ 
ministered  on  the  twenty-second  day  of  life 
(60). 

Among  physical  factors  which  may  pre¬ 
cipitate  a  new  hair  cycle  in  animals,  the  fol¬ 
lowing  have  been  reported:  infrared  light 
(70)  and  ultraviolet  light  in  rabbits  (127, 
273,  339,  3/8),  ultraviolet  light  in  guinea 
pigs  (278),  or  visible  light  in  rabbits  (47)  and 
in  ferrets  (40).  Light  appears  to  be  the 
physiologic  stimulus  of  the  hair  cycle  in 
certain  species,  as  will  be  discussed  later. 

Among  traumatic  influences,  the  stimu¬ 
lating  effect  of  freezing  (378),  of  wounds 
(339,  4/0,  2/0),  and  of  Thiersch  transplants 
(42)  on  the  hair  follicles  of  the  rabbit  may  be 
mentioned.  Skin  transplantation  in  hairless 
rats  stimulates  hair  growth  not  only  at  the 
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site  of  the  operation  (104)  but  all  over  the 
body.  The  mechanism  of  this  interesting 
phenomenon  is  obscure  (166). 

All  these  “irritating”  agents  have  one 
feature  in  common:  they  all  produce  hyper¬ 
emia.  Increased  vascularization  of  the  skin 
and  hair  follicles  is  characteristic  of  periods 
of  active  hair  growth  (122)  and  may  be  ob¬ 
served  even  with  the  naked  eye  in  the  so- 
called  “islands”  of  hair  growth  (248)  in 
older  animals.  These  islands  are  invariably 
thicker  and  more  hyperemic  than  the  sur¬ 
rounding  dormant  skin  areas  (248,  477). 
Nothing  definite  is  known  about  the  mecha¬ 
nism  by  which  the  increased  blood  flow  acti¬ 
vates  the  resting  hair  follicles. 

W'hile  there  is  no  doubt  that  it  is  possible 
to  initiate  growth  in  the  resting  hair  follicles 
of  animals  with  “irritating”  measures,  the 
problem  of  whether  or  not  such  an  activa¬ 
tion  may  be  effected  in  human  hair  follicles 
has  never  been  satisfactorily  investigated. 
The  random,  mosaic-like  distribution  of 
resting  and  growing  hair  follicles  in  man  and 
the  physiologic  variations  in  the  lengths  of 
the  resting  and  growing  periods  of  individual 
follicles  make  research  in  this  field  difficult. 
The  problem  is  closely  related  to  the  ques¬ 
tion  of  influencing  the  rate  of  hair  growth 
and  is  of  great  practical  importance.  Ex¬ 
pressed  in  simple  terms,  the  question  is 
whether  or  not  it  is  possible  to  induce  or  to 
accelerate  hair  growth  in  man  by  the  ap¬ 
plication  of  “irritating”  (hyperemia-produc¬ 
ing)  measures.  A  detailed  discussion  of  this 
problem  will  be  presented  later. 

D.  CHANGES  IN  THE  SKIN  DURING 
THE  HAIR  CYCLE 

As  mentioned  earlier,  the  hair  cycle  is  not 
an  isolated  phenomenon,  restricted  to  the 
hair  follicles  only,  but  affects  many  of  the 
morphologic  asi)ects,  functions,  and  re¬ 
sponses  of  the  entire  skin.  For  this  reason  it 
would  be  more  appropriate  to  speak  about  a 
“skin  cycle”  rather  than  a  hair  cycle  (88/). 
'Phis  term  would  be  justified  in  the  case  o 

animals  with  well-defined  cyclic  hair  growth, 

like  young  rats  and  mice.  Our  knowledge  in 
this  field  is  still  rather  fragmentary;  co¬ 


ordination  of  the  scattered  information  is 
attempted  in  this  section. 

The  thickness  of  the  cutaneous  layers 
varies  with  the  stages  of  the  hair  cycle.  The 
epidermis  of  the  mouse,  which  under  “nor¬ 
mal”  conditions  is  2  to  3  cell  layers  thick, 
becomes  two  to  three  times  thicker  in  the 
early  anagen  phase,  between  the  third  and 
seventh  day  of  the  cycle.  This  thickening  is 
the  result  of  a  burst  of  mitotic  activity.  As 
the  hair  shaft  is  produced,  the  epidermis  re¬ 
turns  to  its  “normal”  thickness.  At  about 
this  time,  the  end  of  the  first  week,  the  cori- 
um  increases  by  about  50  per  cent  of  its 
“resting”  thickness,  and  the  adipose  layer 
thickens  two  to  three  times.  The  “resting” 
thin  appearance  of  these  layers  does  not  be¬ 
come  manifest  again  until  the  telogen  stage 
is  reached.  The  sebaceous  glands  expand 
during  the  growing  stage  and  return  to  their 
smaller  “resting”  size  in  the  telogen  phase 
(75).  Similar  observations  have  also  been 
made  in  the  rat  (122,  337,  165). 

The  water  content  of  the  rat  skin  is  high¬ 
est  during  the  period  in  which  the  cells  of 
the  hair  follicles  divide.  During  the  first  6 


days  of  life,  the  water  content  amounts  to 
about  80  per  cent;  after  the  sixth  day  it 
falls  to  65-70  per  cent  and  declines  gradually 
to  60-65  per  cent  after  the  seventeenth  day 
of  life.  At  the  beginning  of  the  next  cycle, 
around  the  twenty-eighth  to  thirtieth  days 
of  life,  the  water  content  rises  again  to  near¬ 
ly  70  per  cent  between  the  thirtieth  and 
fortieth  days,  after  which  it  falls  once  more 
(440).  These  results  confirm  earlier  measure¬ 
ments  of  the  tissue  fluid  content  of  rat  skin, 
made  by  Butcher  and  Grokoest  (63).  Ho\\- 
ever,  the  causal  relationship  between  hair 
growth  and  increased  tissue  fluid  content  is 
not  well  understood.  Thus  adrenalectomy  in 
the  rat  leads  to  increased  hair  growth  with¬ 
out  affecting  significantly  the  water  content 


the  skin  (63).  _  .  u  i  •  r 

rhe  oxygen  consumption  of  the  skin  oi 

s  is  lowest  in  the  telogen  phase  (0.92 
iVmg  dry  weight/hr),  according  to 
teller.  The  greatest  oxygen  uptake,  a  30 
cent  increase  over  the  resting  level,  oc- 
s  on  the  thirty-first  day,  just  prior  to  the 
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beginning  of  follicular  activity.  After  this 
peak,  oxygen  consumption  falls  again  to  the 
low  “resting”  value  (61).  In  all  likelihood, 
cessation  of  hair  formation  is  at  least  i)artly 
responsible  for  the  precipitous  drop  in  the 
oxygen  consumption  of  the  rat  skin  at  the 
age  of  7  days  (25)  to  “resting”  levels,  which 
are  in  excellent  agreement  whth  those  re¬ 
ported  by  Butcher. 

A  correlation  was  also  found  between 
the  hair  cycle  and  the  fragility  of  the  caj)- 
illaries  in  the  rat.  The  capillary  fragility 
was  greatest  prior  to  the  grow'th  of  hair  and 
w'as  least  pronounced  during  the  resting 
stage.  Hormonal  influence  wdiich  promoted 
hair  grow'th  also  increased  the  capillary 
fragility.  It  was  postulated  that  hair  growth 
in  the  rat  was  probably  related  to  the  condi¬ 
tion  of  the  capillary  bed  (253). 

After  their  destruction  whth  methylcho- 
lanthrene,  the  sebaceous  glands  regenerate 
in  the  anagen  phase  only.  When  hair  grow'th 
is  arrested,  no  new  sebaceous  glands  dif¬ 
ferentiate  until  hair  development  is  resumed 

(298) . 

Histochemical  changes  are  prominent 
during  the  hair  cycle.  In  the  period  of  active 
proliferation  the  papilla  and  external  root 
sheath  contain  a  high  concentration  of  alka¬ 
line  phosphatase,  w’hile  in  the  telogen  phase 
there  is  practically  no  enzyme  present  (230, 
231).  Basophilic  and  alcohol-resistant  ma¬ 
terial  is  demonstrable  both  in  the  hair  j)a- 
pilla  and  in  the  cytoplasm  of  the  follicular 
epithelium  only  during  the  anagen  phase  of 
the  first  and  second  coat  of  the  rat.  This 
material,  presumably  acid  polysaccharides, 
is  believed  to  be  associated  with  i)eriods  of 
keratin  formation  (427).  Similarly,  the  uj)- 
take  of  a  basic  dye,  toluidine  blue,  is  high 
during  the  growth  phase  and  low^  during  the 
rest  phase  in  the  skin  of  albino  rats  (21). 
These  findings  indicate  a  cyclic  variation  in 
the  acid,  negative  groups  of  the  tissues.  The 
characteristic  distribution  of  glycogen  in 
actively  proliferating  human  hair  follicles 

(299)  is  not  altered  during  rest  periods  (244). 
The  effect  of  carcinogenic  compounds  on 

the  skin  of  mice  is  modified  by  the  hair 
cycle.  Observers  agree  that  there  may  well 


exist  a  cyclic  fluctuation  in  the  growth  of 
chemically  induced  skin  tumors.  However, 
the  exact  nature  of  this  fluctuation  is  con¬ 
troversial.  Thus  Mottram  (305)  stated  that 
warts  induced  by  carcinogens  showed  re¬ 
duced  growth  and  decreased  size  in  the  late 
anagen  phase.  In  this  stage  the  w^arts  were 
pale  because  of  reduced  vascularity;  the 
epidermis  showed  very  few  mitoses.  I  he 
warts  resumed  their  growth  only  after  the 
hair  had  entered  the  resting  stage.  The 
theory  w'as  advanced  that  in  the  late  anagen 
stage  the  growing  hair  diverted  the  blood 
from  the  papillomata  and  thus  interfered 
temporarily  wdth  their  proliferation  (305). 
This  theory  may  also  account  for  the  ob¬ 
servation  that  mice  which  had  a  greater 
capacity  to  regenerate  the  hair  which  had 
been  lost  after  the  application  of  tar  w'ere 
more  resistant  to  the  carcinogenic  effect  of 
tar  than  animals  with  poor  regenerative 
pow'er  (408).  On  the  other  hand,  Jonkhoff 
claimed  that,  after  application  of  tar  to 
mice,  papillomata  appeared  during  periods 
of  hair  growth  and  sometimes  disappeared 
during  periods  of  rest  (232).  In  rabbits,  after 
painting  with  9, 10-dimethyl-l, 2-benzan¬ 
thracene,  papillomata  appeared  in  origi¬ 
nally  active  sites  of  hair  growth.  The  ap¬ 
pearance  of  the  tumors  inhibited  hair 
growth  in  other  areas  (477).  Obviously,  the 
relation  of  the  hair  cycle  to  epidermal  car¬ 
cinogenesis  requires  further  investigation 
with  standardized  applications  of  potent 
carcinogens  on  pure  strains  of  mice. 

The  question  of  whether  or  not  the  hair 
cycle  has  any  influence  on  the  sensitivity  of 
the  hair  follicles  to  X-rays  will  be  discussed 
under  the  alopecias  (p.  634). 

Growing  hair  is  not  disturbed  by  methyl- 
cholanthrene,  while  resting  hair  is  avulsed. 
Wound  healing  is  greatly  accelerated  in  the 
presence  of  active  hair  follicles  (75). 

lhallium  affects  the  growing  hair  only 
(p.  633).  In  rats  poisoned  with  thallium,  the 
thallium  content  of  the  skin  parallels’  the 
growth  of  the  first  and  second  hairy  coats 
The  highest  concentrations  of  thallium  were 
found  m  8-9-day-old  and  44-45-day-old 
animals.  In  the  intervening  dormant  phase 
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the  thallium  content  fell  to  less  than  half  the 


peak  values  observed  during  periods  of  ac¬ 
tive  growth  (440). 

In  summary,  it  may  be  stated  that  skin 
containing  anagen  hair  follicles  reacts  dif¬ 
ferently  from  skin  with  catagen  or  telogen 
follicles.  “Anagen”  skin  is  an  actively  i)ro- 
liferating  tissue,  responding  somewhat  like 
embryonic  tissue,  while  telogen  skin  may  be 
likened  to  more  mature  and,  generally 
speaking,  more  resistant  structures.  Wheth¬ 
er  or  not  this  analogy  is  satisfactory,  it  is 
certain  that  the  skins  of  two  animals  of  the 
same  species  or  two  skin  areas  in  the  same 
animal  may  exhibit  different  morphologic 
features  and  may  respond  in  an  entirely  dif¬ 
ferent  manner  to  various  physiological  or 
pathological  stimuli.  Failure  to  recognize 
the  fundamental  role  of  the  hair  cycle  in 
affecting  the  morphological  and  physiologi¬ 
cal  aspects  of  the  animal  skin  is  one  of  the 
common  sources  of  erroneous  conclusions 
and  contradictory  findings  reported  in  in¬ 
vestigative  dermatology.  In  order  to  avoid 
such  pitfalls,  it  is  advisable  to  observe  cer¬ 
tain  precautions.  Whenever  [lossible,  the 
experiment  and  its  control  should  be  con¬ 
ducted  on  symmetrical  areas  of  the  same 
animal,  where,  as  a  rule,  hair  follicles  are  in 
the  same  state  of  activity;  or  animals  with 
mosaic  pattern  of  hair  growth,  like  the 
guinea  pig  or  cat,  should  be  used.  Exjieri- 
ments  carried  out  on  mice  or  rats,  using 
littermates  as  controls,  are  ojien  to  criticism, 
because  individual  variations  in  the  time  of 
ajipearance  of  hair  cycles  have  been  re- 
j)orted;  the  very  first  cycle  may  already  be 
subjected  to  such  variations  (165). 

E.  THE  PHYSIOLOGICAL  CONTROLS 
OF  THE  HAIR  CYCLE 

The  mechanism  by  which  these  profound 
changes  during  the  skin  cycle  are  brought 
about  in  animals  has  been  the  subject  of 
numerous  investigations.  The  cyclic  altera¬ 
tions  between  growing  and  resting  periods 
suggested  that  they  were  under  cyclic  hor¬ 
monal  control;  it  was  believed  that  ovarian 
hormones  were  primarily  responsible  for  the 
initiation  of  the  various  phases  of  the  hair 


cycle.  This  hyjiothesis  was  seemingly  sup- 
jiorted  by  the  observation  that  in  rabbits 
the  regular  loss  of  fur  in  sjiring  and  fall  (194) 
paralleled  the  involution  of  the  corjiora 
lutea.  These  animals,  as  well  as  other  species 
(40),  use  the  shed  hair  to  build  nests  for  their 
newborn  (443).  A  correlation  between  the 
ovarian  and  hair  cycles  has  also  been  noted 
in  the  mouse  (170),  rat  (59),  and  ferret  (40). 
Pregnancy  is  responsible  for  a  lengthening 
of  the  resting  periods  (105),  a  high  per¬ 
centage  of  resting  hair  follicles  (106,  107), 
and  occasional  hair  loss  (106)  in  the  guinea 
pig- 

Nevertheless,  it  is  not  permissible  to 
state  that  there  is  a  direct  causal  relation¬ 
ship  between  the  cyclic  activities  of  the 
ovaries  and  the  hair  follicles.  Castration  or 
ovariectomy  did  not  suppress  the  hair  cycle 
in  the  rat  (112,  59,  158),  cat,  dog,  horse,  or 
in  cattle  (59);  and  it  has  been  postulated 
that  both  ovarian  and  follicular  activities 
may  be  under  the  common  control  of  a  third 
factor,  such  as  the  pituitaiy^  gland.  In  some 
species  this  gland  may  have  a  prominent 
role  in  modifying  the  hair  cycle.  In  ferrets, 
hypophysectomy  suppressed  the  sexual  and 
hair  cycles.  In  this  species  the  physiological 
stimulus  for  the  jiituitary  may  be  the  sun¬ 
light,  because  severing  of  the  optic  nerve 
has  the  same  sujipressive  effect  on  the  sexual 
and  hair  cycles  as  does  extirjiation  of  the 
{)ituitary  (40). 

In  other  species,  however,  there  is  no 
evidence  that  the  jiituitary  is  essential  for 
the  maintenance  of  the  normal  cyclic  ac¬ 
tivity  of  the  follicle.  In  rats,  for  example, 
hypophysectomy  slightly  jirolongs,  but  does 
not  abolish,  the  hair  cycles  (158,  159,  402). 
Similarly,  the  extirpation  of  other  endocrine 
glands  did  not  abolish  the  basic  cyclic  jiat- 
tern  of  follicular  activity  (112). 

At  ])resent,  the  best  available  evidence 
suggests  that,  while  the  cyclic  activity  of  the 
hair  follicles  may  be  modified  by  hormones, 
the  factors  bringing  about  the  changes  in  the 
hair  cycle  are  essentially  inherent  in  the  hair 
follicle  itself.  This  thesis  was  supported  by 
Butcher  when  he  transplanted  rat  skin 
under  the  skin  or  into  the  peritoneal  cavity 
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of  the  same  animal;  as  long  as  hair  growth 
was  maintained  in  the  skin  transplants,  the 
cyclic  activity  of  the  follicles  was  preserved 
(62).  It  has  also  been  shown  that  denerva¬ 
tion  in  rats  had  no  effect  on  the  spread  of  the 
cyclic  hair  waves  over  the  denervated  areas. 
The  original  direction  of  the  hair  wave  was 


i'.  THE  HUMAN  HAIR  CYCLE 
In  man,  the  life-cycles  of  hairs  may  be 
measured  in  two  ways; 

1.  The  simplest  method  consists  of  meas¬ 
uring  the  rate  of  growth  of  individual  hairs 
and  of  calculating  from  the  over-all  hair 
length  the  life-siian  of  the  hair.  This  method 


TABLE  3 


Human  Hair  Cycles 


ReKion 

Refer¬ 

ence 

Length  of  Cycle 

Length  of 
(Irowth  Period 

Length  of 

Rest  Period 

Scalp . 

313 

350 

160 

Ca.  16  months  (males); 
over  20  months  (fe¬ 
males) 

5-7  years 
.\v.,  4  years 

* 

* 

* 

* 

* 

* 

Cilia,  eyebrows . 

Beard . 

Dorsum  of  finger  . 

Dorsum  of  hand .... 

Ulnar  side  of  hand .... 

350 

160 

150  days 

112+28  days 

30  days  (+15  days  cat- 
agen) 

* 

105  days 

* 

347 

7-11  months  (])ossibly  up 
to  3  years) 

4-11  months 

10-75  days 

101 

72,  78,  125  days 

* 

* 

351 

Summer  av.,  197  days; 
winter  av.,  166  days 

141-83  days 

51 

Summer  av.,  170  days; 
winter  av.,  1.50  days 

Av.,  75  days 

26-110  days 

.\.\illa . 

313 

202-4  days 

♦ 

* 

Chest . 

349 

First  series:  sumrrer  av., 
140  days;  winter  av., 
124  days;  second  series’ 
summer  av.,  210  days; 
winter  av.,  189  days 

* 

.\v.,  70  days 

I’ubes 

Perineum  i  in  women 

Lumbar  j 

451 

11-18  months 

12-17  months 

1 1-23  months 

9-12  months 

4-  7  months 

9-12  months 

*  Not  reported.  ^ ^ _ 

not  changed  by  rotation  of  the  skin  trans¬ 
plant  and  was  not  stofijied  by  an  area 
epilated  with  X-rays  (122). 

Thus  in  the  hair  follicle  we  are  confronted 
with  an  epidermal  structure  which  bursts 
into  periodic  mitotic  activity;  this  activity 
may  be  somewhat  modified  by  hormones  but 
cannot  be  stopped  by  any  means,  short  of 
the  actual  destruction  of  the  follicle. 


has  some  inherent  limitations  and  errors.  It 
IS  a  measure  of  the  growth  period  only  and 
fails  to  yield  any  information  about  the 
length  of  the  resting  period.  Moreover  the 
tips  of  the  hair  shafts  are  commonly  worn 
down  or  broken  off,  introducing  a  further 
error  into  the  calculations.  Nevertheless,  on 
the  basis  of  data  gathered  by  simple  growth- 
rate  measurements,  it  is  permissible  to  state 
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that  longer  hairs,  as  on  the  scalp  and  beard, 
have  a  longer  life-span  than  the  shorter  hairs 
on  other  parts  of  the  body;  also  the  excep¬ 
tionally  long  (over  1  yard)  scalp  hairs  of 
some  women  may  grow  without  interruption 
for  decades. 

2.  The  only  accurate,  though  tedious  and 
time-consuming,  method  is  the  direct  ob¬ 
servation  of  individual  hairs  after  perma¬ 
nent  identification  of  their  follicles  (India 
ink,  tattooing,  or  relation  to  well-defined 
sites,  like  nevi,  etc.).  Experiments  of  this 
type  have  been  carried  out  by  several  au¬ 
thors.  Their  findings  are  summarized  in 
Table  3.  An  analysis  of  these  data  reveals 
the  following  conclusions. 

Hairs  on  different  parts  of  the  body  have 
cycles  of  various  lengths.  The  longest  cycles 
are  characteristic  of  hairs  on  the  scalp, 
where  in  exceptional  cases  only  3  or  4 
hair  generations  may  succeed  one  another 
throughout  life  (350).  On  other  parts  of  the 
body,  2  cycles  per  year  is  a  satisfactory 
average  figure.  This  figure  brings  to  mind 
the  2  yearly  molting  periods  of  most  ani¬ 
mals;  indeed,  Leeuwenhoek  thought  that 
0very  spring  he  could  observe  a  seasonal 
molting  on  himself  (101).  However,  objec¬ 
tive  observations  by  Pinkus  failed  to  reveal 
any  seasonal  distribution  of  hair  loss;  rather, 
it  appears  that  hair  loss  on  all  i)arts  of  the 
body  is  more  or  less  uniformly  distributed 
throughout  the  entire  year  (351). 

Hairs  growing  next  to  one  another  may 
have  cycles  of  different  duration.  Neighbor¬ 
ing  follicles  may  be  in  different  phases  of 
their  cycles,  one  resting,  the  other  growing 
(101).  In  sharj)  contrast  to  many  animal 
species,  under  normal  circumstances  no 
regional  jiattern  of  simultaneous  growth  or 


rest  can  be  observed  in  man. 

The  ratio  of  growing  to  resting  periods 
varies  a  great  deal  in  different  body  regions. 
Hairs  on  the  scalp  have  very  short  resting 
periods.  The  resting  periods  of  hairs  on  the 
legs  are  longer  than  the  periods  of  growth, 
while  the  reverse  is  true  for  axillary  and 
pubic  hair.  The  eyebrows,  hair  on  the 
dorsum  of  the  hands,  and  hair  on  the  ears 
have  resting  periods  one  to  one  and  a  half 
times  as  long  as  growing  periods  (448, 
450). 

Hair  grown  during  the  winter  months  has 
a  somewhat  shorter  life-span  than  hair  pro¬ 
duced  in  summer  (351,  51,  349).  In  com¬ 
bination  with  the  greater  rate  of  growth 
during  the  summer  months  (p.  617),  the  net 
result  is  that  “summer  hair”  grows  to  a 
greater  length  than  “winter  hair”  from  the 
same  follicle.  For  hairs  grown  on  the  chest 
from  the  same  follicle,  Pinkus  recorded  an 
over-all  length  of  45  mm.  during  summer 
and  38  mm.  during  winter  (349). 

The  life-span  of  individual  hairs  grown 
from  the  same  follicle,  although  relatively 
constant,  may  show  a  great  deal  of  varia¬ 
tion.  “Each  follicle  has  a  considerable  de¬ 
gree  of  autonomy  in  its  development  and 
function,  but  its  activity  is  in  some  measure 
regulated  by  factors  external  to  itself”  (448). 
A  series  of  cycles  from  eight  adjacent  fol¬ 
licles  and  their  variations  have  been  strik¬ 
ingly  illustrated  by  Danforth  (101). 

Between  two  succeeding  hair  generations 
there  may  or  may  not  be  hairless  intervals. 
The  new  hairs  may  coexist  with  the  old  hairs 
for  periods  ranging  from  1  to  8  weeks,  al¬ 
though,  in  general,  the  old  hair  is  pushed  out 
shortly  after  the  ai)pearance  of  the  new  hair 
(448). 


HI.  THE  RATE  OF  HAIR  C'.ROW'l'H 


The  average  rate  of  hair  growth  is  0.1  0.4 
mm,  clay.  This  figure  is  influenced  by  a 
number  of  factors. 

A.  REGIONAL  DIFFERENCES 

The  highest  rates  of  growth  have  been 
observed  in  hairs  of  the  scalp  and  chin. 


Daily  growth  rates  for  scalj)  hair  have  been 
measured  as  0.35  (313),  0.39  (447),  0.2- 
0.43  (162),  0.33-0.45  mm.  in  children  and 
0  27-0  40  mm.  in  adults  (354);  for  the  chin, 
oils  mm/day  (313)  and  0.21-0.31  mm/day 
(348).  The  axillary  hair  grows  almost 
equally  as  fast,  0.30  mm/day  (313),  0.4i 
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nim/clay  (447).  Daily  growth  rates  on  other 
parts  of  the  body  are  lower:  0.20  (313)  and 
0.23  mm.  (447)  for  the  thigh;  0.22  mm.  (447) 
for  the  arm;  0.16  mm.  for  the  eyebrows 
(313). 

TABLE  4 

Seasonal  Variations  of  Daily  Growth 
Rates  of  Beard  (124) 


Month 

Mean 

Tempera¬ 

ture 

Measured 

Daily 

Growth 

(Mm.) 

January . 

.S8 

0.305 

February . 

54 

.386 

March . 

61 

.404 

.April . ' 

70 

.458 

May . 

74 

.464 

June . 

81 

.516 

July . 

83 

.  533 

August . 

82 

.538 

Sei)tember . 

79 

.  545 

October . 

73 

.  533 

November . 

64 

.495 

December . 

60 

0.375 

growth  (162,  395).  Daily  temperatures  ap¬ 
parently  have  no  influence  on  the  growth 
rate  (395,  449).  However,  when,  in  careful 
studies,  average  monthly  temperatures  w'ere 
correlated  with  average  monthly  growth 
rates,  a  distinct  increase  in  hair  growth  dur¬ 
ing  the  summer  months  w'as  noted  (Table 
4)  (124). 

D.  EFFECT  OF  AGE 

The  growth  of  scalp  hair  is  fastest  be¬ 
tween  fifteen  and  thirty  years  of  age  and 

TABLE  5 


Variations  in  Growth  Rate  of 
Hair  with  .Age  (313) 


Age  (Ye.ars) 

21-30 

45-52 

64-66 

Axillary  hair  growth  rate 
(mm/day) . 

0.36 

0.42 

o  o 

0.24 

0.37 

Beard  growth  rate  (mm/day) 

TABLE  6 

Rates  of  Hair  Growth  on  Thighs  at  Various  .Ages 


.Age  (Ye.\rs) 

9-11 

13-14 

17-20 

19-22 

21-25 

21-30 

20-30 

30-40 

40-45 

45-52 

64-66 

Daily  growth  (mm.)  (313) 
Weekly  growth  (mm.) 
(448) . 

0.  13 

0. 16 

0.25 

0.  19 

1.42 

1.45 

1.45 

1.56 

1.57 

1.62 

1.85 

B.  SEXUAL  DIFFERENCES 

Scalp  hair  grows  faster  in  women  (0.34 
and  0.36  mm /day)  than  in  men  (0.31  and 
0.34  mm/day)  (313).  The  reverse  is  true  for 
axillary  hair  (0.31  and  0.33  in  males;  0.29 
and  0.30  in  females)  (313).  These  differences 
may  result  from  the  fact  that  hair  growth  in 
these  areas  is  influenced  by  the  gonads.  Eye¬ 
brows  grow  at  the  same  rate  in  both  sexes 
(0.15- 0.16  mm/day)  (313). 

C.  SEASONAL  VARIATIONS 
Earlier  authors  maintained  that  the 

seasons  do  not  influence  the  rate  of  hair 


declines  between  fifty  and  sixty  years  (162, 
464).  Decrease  in  the  growth  rate  of  axillary 
hair  and  beard  begins  at  an  earlier  age 
(Table  5)  (313).  Pubic  hair  retains  its  growth 
rate  with  aging  (448).  On  the  other  hand, 
hair  on  the  thigh  increases  its  growth  rate 
during  the  first  five  decades  and  declines 
thereafter  (Table  6)  (448,  313).  Eyebrows 
grow  at  about  the  same  rate  throughout  life 

1  j  . 

E.  DIURNAL  VARIATIONS 

NotwilhstancHng  contrary  claims  of  ear¬ 
lier  authors  (35),  it  aiipears  that  hair  growth 
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is  decreased  at  night,  a  phenomenon  analo¬ 
gous  to  that  observed  in  nails  (161),  i)rob- 
ably  as  a  result  of  decreased  mitotic  activity. 

F.  INFLUENCE  OF  THICKNESS 
OF  HAIR  SHAFT 

Trotter  claims  that  the  average  rate  of 
growth  j)er  unit  of  time  is  roughly  pro{)or- 
tional  to  the  diameter  of  the  hair.  If  hairs 
selected  in  different  regions  were  of  the 
same  diameter,  the  above-mentioned  varia¬ 
tions  in  growth  rate  would  be  considerably 
less  (448).  This  observation  requires  con¬ 
firmation  with  studies  of  growth  rates  on 
hairs  with  accurately  determined  diameters. 

G.  EFFECT  OF  CUTTING  AND  SHAVING 

According  to  popular  belief,  cutting  and 
shaving  of  the  hair  accelerates  its  growth. 
This  belief  has  no  basis  in  reality.  All  experi¬ 
mental  investigators  agree  that  cutting  has 
absolutely  no  influence  on  the  rate  of  hair 
growth  (50,  98).  The  effect  of  shaving  is 
somewhat  more  controversial.  Common  ex¬ 
perience  teaches  us  that  men  who  shave 
daily  are  not  inflicted  with  an  ever  increas¬ 
ing  beard,  and  accurate  daily  measurements 
of  beard  growth  objectively  confirm  the  im¬ 
pression  that  shaving  does  not  affect  the 
growth  of  hair  (162,  449,  50,  447).  However, 
when  measurements  of  the  rate  of  beard 
growth  were  made  at  shorter  intervals,  it 
was  revealed  that,  immediately  following 
shaving,  the  hair  grows  at  a  more  rapid  rate. 
This  increase  is  followed  by  a  compensatory 
decrease  within  a  few  hours.  The  over-all 
effect  of  shaving  in  the  course  of  a  day  is 
thus  the  same  as  that  of  cutting,  i.e.,  none. 
4Te  immediate  increase  of  the  growth  rate 
for  a  few  hours  after  shaving  is  a  somewhat 
puzzling  phenomenon;  it  is  not  due  to  the 
hyperemia  caused  by  the  shaving  process,  as 
“false  shaving”  has  no  such  accelerating 
effect  (595).  H  is  conceivable  that  the  proc¬ 
ess  of  shaving  represents  a  strong  mechani¬ 
cal  stimulation  which  in  itself  is  capable  of 
causing  an  immediate  increase  in  growth 
rate,  followed  by  a  compensatory  decrease 
within  24  hours  (161). 


II.  PHYSICAL  FACTORS 


The  influence  of  physical  factors  on  the 
rate  of  hair  growth  is  of  great  practical  im¬ 
portance.  Innumerable  abuses  have  been 
perpetrated  in  this  field,  and  false  advertise¬ 
ments  exploit  a  misled  public  day  after  day. 
Even  physicians  have  contributed  to  this 
deplorable  situation  by  carrying  out  poorly 
controlled  experiments. 

The  one  circumstance  which  jirobably 
has  given  rise  to  more  confusion  than  any 
other  is  the  fact  that  animals  react  to  all 
kinds  of  physical  or  chemical  irritation  with 
activation  of  their  dormant  hair  follicles. 
This  activation,  in  turn,  leads  to  growth  of 
new  hair,  as  mentioned  above.  Xo  evidence 
has  been  presented  that  aclivalion  of  resting 
hair  follicles  may  he  elicited  in  human  sub¬ 
jects  by  the  use  of  irritating  measures.  All  ob¬ 
servations  indicating  the  beneficial  effect  of 
physical  factors  in  alopecia  areata  must  be 
disregarded  in  view  of  the  unpredictable 
course  and  frequently  self-limited  nature  of 
this  disease. 

Although  physical  measures  have  not 
been  shown  to  induce  a  new  cycle  in  human 
hair,  there  are  several  observations  proving 
that  irritation,  if  sufficiently  prolonged,  in¬ 
creases  the  rate  of  hair  growth  in  man.  De¬ 
velopment  of  hypertrichosis  on  chronically 
irritated  areas  is  a  well-known  empirical 
fact.  In  a  recent  study  Ressmann  and  But- 


:erworth  described  the  localized  hyper- 
:richosis  on  the  forearms  of  psychotic  pa¬ 
tients  who  bit  themselves  again  and  again  in 
these  areas;  the  repeated  trauma  caused 
hyperemia  and  led  to  increased  length  and 
number  of  the  hairs,  which  was  attributed  to 
the  failure  of  the  old  hairs  to  shed.  There 
was  no  indication  of  new  formation  of  fol¬ 
licles  (557).  Longer  and  thicker  hairs  have 
been  found  on  the  shoulders  of  sack  carriers 
from  the  intermittent  pressure  and  rubbing 
of  that  site  (92,  95).  Localized  hypertrichosis 
has  also  been  observed  around  wounds 
treated  with  oxalic  acid  (109),  in  the  vicinity 
of  healed  psoriatic  (250)  or  neurodermatitic 
lesions  (27),  after  solar  ^l^rmatitis  (2/  ,  fol¬ 
lowing  prolonged  applications  of  hot  baths 
(215),  bandages  (particularly  with  plaste 
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of  Paris  casts),  tincture  of  iodine,  mercurial 
ointment,  around  burns  and  scars  (163),  and 
in  areas  repeatedly  irradiated  with  ultra¬ 
violet  light  (382).  In  all  these  instances  the 
prolonged  hyperemia  was  believed  to  be  the 
provoking  factor. 

However,  even  in  these  well-documented 
cases  the  hyjiertrichosis  was  not  present  in 
all  subjects,  but  only  in  a  varying  percentage 
of  them.  It  is  therefore  justifiable  to  ask: 
How  severe  or  prolonged  must  the  irritation 
be  before  it  causes  increased  hair  growth  in 
all  subjects?  This  question  has  never  been 
objectively  studied.  It  has  been  simply  as¬ 
sumed  that  any  rubbing,  brushing,  ultra¬ 
violet  irradiation— in  brief,  any  measure 
which  produced  hyperemia — would  be  bene¬ 
ficial  for  hair  growth.  This  assumption  has 
not  been  supported  by  objective  studies. 
While  it  is  true  that  strong  faradic  or  me¬ 
chanical  stimulation  (161)  or  sunburn  (447) 
causes  an  immediate  increase  in  the  growth 
rate  of  hair,  this  initial  furthering  effect  is 
followed  by  a  compensatory  decrease  within 
24  hours.  In  the  long  run,  hyperemia-jiro- 

IV.  CHANGES  IN 

With  the  e.\cej)tion  of  the  soles,  plantar 
surfaces  and  inters{)aces  of  toes,  side  sur¬ 
faces  of  feet  halfway  up  to  the  ankles,  palms, 
I)almar  surfaces  and  interspaces  of  the 
fingers,  glans  penis  and  clitoris,  the  entire 
body  of  the  fetus  is  covered  with  a  fine  silky 
coat  of  hair,  called  the  “primary  hair.”  As 
early  as  during  the  fourth  to  eighth  months 
of  fetal  life,  thicker  hairs  differentiate  in 
certain  areas,  thus  setting  off  the  scalj)  hair, 
eyebrows,  and  eyelashes  from  the  rest  of  the 
body  hair. 

Under  normal  conditions  this  ])rimary 
hair  is  replaced  during  fetal  life  with  the  so- 
called  “secondary  hair”  (292).  In  other 
words,  the  primary  hair  is  shed,  and  a  sec¬ 
ond  generation  of  hair  appears.  The  time  at 
which  this  replacement  takes  place  varies  in 
different  individuals.  The  exact  time  is  con¬ 
troversial.  According  to  Pinkus  (350),  the 
replacement  of  hair  begins  in  the  eighth  or 
ninth  month  of  {pregnancy  and  may  not  be 


ducing  measures  of  short  duration  have  no 
effect  on  the  rate  of  hair  growth.  This  thesis 
has  been  supported  by  Trotter,  who  found 
no  stimulation  of  hair  growffh  from  petro¬ 
latum  rubbed  in  lightly  (447).  No  effect  on 
the  hair  length  could  be  observed  from  tinc¬ 
ture  of  iodine  (rubbed  in  twice  weekly  for  a 
month),  from  Vleminckx’  solution  or  from 
ultraviolet  irradiation,  even  though  these 
measures  caused  erythema  and  (in  the  case 
of  tincture  of  iodine)  dermatitis  with  scaling 
(162).  Scalp  lotions  had  no  greater  effect  on 
hair  growth  on  one  side  of  the  head  than  did 
the  solvents  apjilied  on  the  opposite  side 
(136). 

To  summarize:  prolonged  hyperemia 
causes  an  increased  rate  of  hair  growth  and 
thickening  of  the  hair  shaft  in  a  certain  num¬ 
ber  of  people.  Individual  differences  appear 
to  play  a  major  role.  There  is  no  evidence 
indicating  that  hyperemia  of  short  duration 
has  any  lasting  effect  on  hair  growth.  The 
exact  dividing  line  between  “short”  and 
“prolonged”  hyperemia  has  never  been 
established  and  requires  further  study. 

HAIR  WITH  AGE 

completed  until  the  sixth  month  after  birth. 
There  is  almost  general  agreement,  however, 
that  there  is  only  one  generation  change  in 
fetal  life. 

In  a  rare  hereditary  anomaly,  the  replace¬ 
ment  of  the  primary  hair  with  the  coarser 
hair  of  later  life  never  takes  place,  and  sub¬ 
sequent  hair  generations  always  retain  the 
original  form  and  distribution  of  the  jiri- 
mary  hair.  Individuals  thus  affected  are 
covered  wdth  a  dense  silky  hair  coat.  For 
some  unknown  reason  this  retained  fetal 
hair  may  reach  considerable  length  and, 
when  allowed  to  grow,  covers  the  face  and 
forehead.  I  he  short  and  barely  visible  la¬ 
nugo  hairs  of  normal  })eo}4e  are  replaced 
with  long,  fine  hairs.  The  hairy  forehead  and 
face  impart  the  ai)pearance  of  a  shaggy  dog 
to  the  person  thus  affected;  hence  the  popu¬ 
lar  expression  dog-man”  to  denote  this 
condition  (350,  292,  245)  (Fig.  10).  This 
anomaly  is  associated  with  severe  defects  in 
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dental  development;  the  latter  imperfection 
allows  us  to  calculate  the  approximate  age 
at  which  this  developmental  anomaly  sets 
in.  The  disorder  has  been  described  under  a 
number  of  names,  the  most  appropriate 
being  “hypertrichosis  primaria”  (292).  An¬ 
other  common  term,  “hypertrichosis  la- 


(350).  A  similar  situation  prevails  in  the 
“Angora”  races  of  animals.  While  the  he¬ 
reditary  nature  of  this  condition  is  estab¬ 
lished  beyond  doubt,  a  unique  case  of 
“acquired  hypertrichosis  lanuginosa”  in  a 
woman  with  metastatic  carcinoma  has  also 
been  described  (279). 


I-’iG.  10.— Hypertrichosis  lanuginosa  s.  ])rimaria  in  a  family.  From  Pinkus  (350).  (Rei)roduccd  by  i)crmis- 
sion  of  Springer- Verlag.) 


nuginosa,”  is  less  ai)t,  as  not  only  the  pri¬ 
mary  lanugo  hair  but  all  the  j)rimary  hair  is 
preserved  in  this  condition.  However,  it  is 
well  to  keep  in  mind  that,  although  clinically 
resembling  hyj)ertrichosis,  this  disorder  is 
essentially  one  of  underdevelo[)ment,  or 
rather  inhibited  development,  of  the  sec¬ 
ondary  hair  and  hence  has  also  been  called 
“hypotrichosis”  or  “trichostasis  lanuginosa” 


The  secondary  hair  of  children  com¬ 
prises,  in  addition  to  the  line  lanugo  hair  of 
infancy,  the  so-called  “vellus  (101),  i.e., 
the  coarser  type  of  lanugo  hair  which  grad¬ 
ually  replaces  the  infantile  lanugo  on  part 
of  the  extremities  and  some  parts  of  the 
trunk  before  puberty  and  the  coarse  hair  of 
the  scalp,  eyebrows,  and  eyelashes.  In  the 
early  part  of  puberty  the  so-called  “inter- 
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mediate  hair”  begins  to  develop  (350),  a 
very  regular  and  beautifully  distribute 
dark,  silky  hair.  During  and  after  puberty 
the  terminal  hair  begins  to  appear,  a  process 
which  may  last  well  into  adulthood.  This 
terminal  hair  includes,  in  addition  to  the 
secondary  hair  of  children,  the  pubic  and 
axillary  hair,  the  beard,  hairs  in  the  open¬ 
ings  of  the  ear  and  nose,  and  varying 
amounts  of  coarse  body  hair. 

Throughout  these  stages,  morphologic 
changes  take  place  in  the  hair.  Such  changes 
in  scalp  hair  have  been  most  thoroughly 
studied  by  Trotter  and  Duggins  from  birth 
to  the  fourteenth  year  of  life  (452,  119,  453, 
120).  These  changes  affect  the  hair  index, 
the  size,  and  the  medullation  of  the  hair. 

The  hair  index  is  the  figure  obtained  by 
dividing  the  least  diameter  of  the  cross-sec¬ 
tion  of  the  hair  by  its  greatest  diameter  and 
multiplying  this  number  by  100.  The  more 
the  cross-section  of  the  hair  approximates  a 
round  shape,  the  higher  is  the  index;  a  low 
index  denotes  an  ovoid  cross-section. 

During  the  first  2  years  of  life  the  index 
drops  sharply,  after  which  there  is  no  regular 
trend  observable.  In  other  words,  the  shape 
of  the  scalp  hair  changes  from  a  more  nearly 
round  to  a  more  oval  one  during  the  first  2 
years  (452). 

The  area  of  a  cross-section  (thickness)  of 
the  hair  increases  rapidly  and  uniformly 
during  the  first  3  or  4  years  of  life,  less 
rapidly  and  uniformly  during  the  next  6 
years;  thereafter  the  trend  is  one  of  slow  in¬ 
crease  or  of  leveling  off.  In  other  words,  the 
hair  becomes  coarser  after  birth.  It  appears 
that  at  least  in  some  follicles  each  successive 
hair  surpassed  its  predecessor  in  size  during 
the  period  of  observation  which,  in  the  work 


of  Trotter  et  al.,  ended  with  the  fourteenth 

year  (452).  . 

Medullation  is  extremely  rare  at  birth 

and  during  the  first  2  months  of  life.  The 
incidence  of  medullated  hairs  thereafter 
rises  until  the  end  of  the  first  year,  when 
almost  half  the  scalp  hairs  are  medullated; 
thereafter  medullation  declines  to  23  per 
cent  at  2  years  and  is  follow^ed  by  a  gradual 
rise  to  the  end  of  the  fifth  year,  after  which 
no  particular  trend  could  be  observed  (119). 

Of  practical  importance  is  the  increasing 
coarseness  of  hair  in  most  parts  of  the  body 
until  old  age.  This  increase  in  the  diameter 
of  the  hair  proceeds  regardless  of  external 
influences.  The  popular  belief  that  shaving 
in  women  is  responsible  for  the  increasing 
diameter  of  hairs  on  the  face  or  extremities 
has  not  been  proved  experimentally.  The 
increasing  coarseness  is  physiological,  and 
there  is  no  evidence  that  this  process  is  ac¬ 
celerated  by  normal  cosmetic  procedures 
(486). 

The  observation  that  the  hair  thickens 
with  progressing  age  has  been  indirectly 
supported  by  physical  measurements  wTich 
show’ed  that  the  elasticity,  tear  resistance, 
and  ability  of  the  hair  to  be  stretched  in¬ 
crease  with  age  into  adulthood  and  decrease 
with  old  age.  All  these  three  properties  are 
related  to  the  thickness  of  the  hair  (281). 

With  increasing  age  the  cystine  content 
of  the  hair  increases  in  man  (432)  and  in 
animals  (328,  41,  361,  272),  although  some 
authors  w'ere  unable  to  detect  such  a  rise  in 
human  hair  (83).  The  detection  of  the 
optically  anomalous  (/(-)leucine  in  the  hair 
of  old  horses  would  w^arrant  the  extension 
of  this  w^ork  to  other  species  and  other 
amino  acids  (472). 


V.  THE  PROBLEM  OF  NERVOUS  F.\CTORS 


Although  numerous  workers  have  de¬ 
scribed  the  w'ell-known  nerve  plexuses  and 
nerve  endings  around  the  hair  follicles  of 
man  (499,  238,  433,  173,  81,  229)  and  of 
animals  (457,  326,  227),  the  belief  that  the 
hairs  have  special  “trophic”  nerves  (258) 
must  be  regarded  as  obsolete.  Changes  in 


the  length  or  density  of  body  hair  after 
diseases  of  the  nervous  system  (213,  364, 
241,  484)  are  probably  due  to  vasomotor 
disturbances;  and  there  is  no  evidence  for 
the  existence  of  special  nerve  fibers,  essen¬ 
tial  for  the  integrity  and  development  of  the 
hair  follicles. 
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Evidence  which  proves  that  the  hair  fol¬ 
licles  can  differentiate  without  nervous  con¬ 
trol  may  be  summarized  as  follows: 

1.  Hair  can  be  grown  in  tissue  cultures. 
\\  ith  this  technic  the  hair  follicles  of  the 
mouse  (200,  201),  rat  (vHO),  and  guinea-pig 
embryo  (418)  have  been  observ^ed  to  de- 
veloj)  hair  shafts  in  vitro.  The  presence  of 
the  dermal  paj)illa  may  be  essential  for  the 
hair  growth,  as  in  their  absence  no  organized 
hair  is  formed  (200). 

2.  Homoeotransplants  of  hair  follicles 
have  been  successfully  achieved  in  human 
subjects  (327).  In  Thiersch  grafts,  for  many 
years  after  the  operation,  the  type  and 
density  that  characterized  the  hair  at  its 
original  site  are  maintained  in  the  area  of 
transplantation  (214,  493). 

3.  In  man,  sectioning  of  the  sensory 
nerves  or  of  the  sympathetic  su[)])ly  (493)  or 
complete  denerv'ation  (116)  has  no  effect  on 
hair  growth.  Sympathectomy  in  animals 
may  cause  changes  in  hair  growth,  because 
of  interference  with  the  blood  supply  (212, 
372,  373,  185),  although  Cannon  and  his  co¬ 
workers  found  that  sympathectomy  had  no 
effect  whatsoever  on  the  growth  of  hair  in 
cats  (66). 

Nervous  factors  have  been  believed  to 


play  an  imi)ortant  etiologic  role  in  two 
types  of  human  alopecia,  without  being  suj)- 
ported  by  acceptable  evidence.  These  two 
conditions  were  alopecia  from  thallium,  as 
discussed  later  (p.  633),  and  alopecia  areata. 

The  belief  in  the  nervous  origin  of  alo¬ 
pecia  areata  aj)parently  received  strong 
support  from  Joseph’s  early  experiments  on 
sympathectomized  cats.  When  the  cervical 
ganglia  were  extirpated  in  this  species, 
round  patches  of  baldness  apj)eared  (234, 
29).  The  hair  loss  was  always  temporary. 
Later,  in  carefully  controlled  studies,  Au- 
brun  showed  that  the  alopecia  was  indirectly 
due  to  postoperative  hyi)eresthesia  in  the 
denerv^ated  area  which  incited  the  animals 
to  violent  scratching;  as  a  result,  the  hair  on 
the  head  was  rubbed  off.  When,  after  the 
operation,  the  heads  were  i)laced  under  pro¬ 
tective  cai)s,  no  alopecia  developed  (11-15). 
In  studies  on  man,  cutting  of  the  sensory 
nerves,  of  the  entire  symj)athetic  supply  of 
the  scalp,  or  of  the  second  cervical  nerves 
had  no  effect  on  the  growth  of  scalp  hair 
(493). 

In  summary,  it  may  therefore  be  stated 
that  there  is  no  evidence  whatever  that 
human  hair  growth  is  under  direct  nervous 
control. 


VI.  NUTRITIONAL  FACTORS 


In  animals  a  great  variety  of  nutritional 
deficiencies  lead  to  impaired  growth  of  hair 
or  complete  alopecia.  A  list  of  these  factors 
is  presented  in  Table  7.  It  is  apparent  that 
hair  loss  (including  circumocular  alopecia, 
called  “spectacled  eyes”)  is  a  common  and 
nonspecific  response  in  nutritional  deficien¬ 
cies.  Although  some  of  the  vitamins,  such  as 
inositol  (also  called  “mouse  anti-alopecia 
factor”),  have  been  singled  out  as  of  prime 
importance  in  the  maintenance  of  the  nor¬ 
mal  fur,  at  present  the  chain  of  events  lead¬ 
ing  to  impaired  hair  growth  and  the  bio¬ 
chemical  interrelations  between  the  nutri¬ 
tional  factors  are  so  incompletely  under¬ 
stood  that  we  have  no  right  to  attribute 
specific  hair  growth-promoting  powers  to 
any  of  these  factors  (see  chap.  27). 


W'e  are  even  less  justified  in  transferring 
directly  the  results  of  experiments  con¬ 
ducted  in  deficient  animals  to  clinical  cases 
of  human  baldness.  Unless  experimentally 
induced,  virtually  all  human  nutritional  de¬ 
ficiencies  are  multijile  deficiencies.  However, 
it  appears  that,  while  hair  loss  in  animals  is 
an  early  and  frequent  sign  of  the  deficiency 
syndrome,  severe  nutritional  deprivations 
are  necessary  in  man  before  hair  growth  is 
impaired.  The  reason  for  this  discrepancy 
may  well  lie  in  the  fact  that  in  man  a  much 
smaller  percentage  of  the  entire  protein 
metabolism  is  diverted  into  the  formation  of 
hair  than  in  animals  (291).  furthermore, 
there  is  no  evidence  that  the  commonly  oc¬ 
curring  human  alopecias  are  in  any  way 
connected  with  nutritional  deficiencies. 
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In  spite  of  these  differences  in  the  re¬ 
sponses  of  human  and  animal  hair  follicles  to 
nutritional  deficiencies,  individual  nutri¬ 
tional  factors  have  been  tried  time  after 
time  in  the  treatment  of  human  baldness, 
with  generally  disappointing  results  (465, 
329). 

Among  the  nutritional  factors  alleged  to 
promote  the  grovv'th  of  hair,  a  few  gained 
wide  popularity  at  one  time  or  another. 
Three  of  these  agents— the  hair  hydroly- 
zates,  cholesterol,  and  pantothenic  acid 
will  be  discussed  below. 

Hydrolyzed  hair  as  a  promoter  of  hair 
growth  was  introduced  by  N.  Zuntz  after 
World  \\  ar  I.  This  therapy  was  based  on  the 
observation  that,  in  animals  kept  on  a  diet 
deficient  in  proteins  or  cystine,  the  growth 
of  hair  was  impaired  and  could  be  restored 
to  normal  by  the  addition  of  hair  hydroly- 
zates  to  the  diet.  The  hydrolyzed  hair  pro¬ 
vided  the  organism  with  the  building  stones 
needed  for  the  {woduction  of  hair  (500). 
Subsequently  the  use  of  hair  hydrolyzates 
in  the  treatment  of  alopecias  spread  ra{)idly. 
Beneficial  effects  were  claimed  mostly  in 
alopecias  which  were  either  reversible,  such 
as  postinfectious  alopecias,  or  had  an  un¬ 
predictable  course,  as  alopecia  areata  (344, 
46). 

On  a  theoretical  basis,  the  use  of  hair 
hydrolyzates  in  the  treatment  of  human 
alopecias  is  not  justified.  As  has  been 
pointed  out  by  Rothman  (369),  these  prepa¬ 
rations  have  no  advantage  over  any  ade¬ 
quate  protein  which  provides  the  body  with 
essential  amino  acids.  These  proteins  are 
broken  down  into  individual  amino  acids, 
and  the  hair  germ  cells  can  build  hair  from 
these  building  stones  as  well  as  from  hair 
hydrolyzates.  Moreover,  there  is  no  evi¬ 
dence  that  the  common  aloi)ecias  in  man  are 
due  to  a  deficiency  in  cystine  or  proteins. 
Under  e.xperimental  conditions  in  rats,  when 
the  diet  contained  an  adequate  amount  of 
cystine,  further  addition  of  this  amino  acid 
to  the  diet  did  not  accelerate  the  rate  of  hair 
growth  and  had  no  definite  effect  on  the 
composition  of  hair  (401). 

In  summary,  the  still  jwesent  use  of  hair 


hydrolyzates  (228)  in  any  form  is  based  on 
unscientific  speculation  and  has  no  demon¬ 
strable  value  in  the  treatment  of  human 
alopecias. 

Cholesterol  has  been  advanced  as  a  thera¬ 
peutic  agent  in  the  treatment  of  alopecias 
on  the  basis  of  e.xi)eriments  performed  in 


TABLE  7 

NuTRiTioN.\L  Deficiencies  Causing  I.m- 
PAiRED  Hair  Growth  in  .Animals 


Deficient 

Factor 


Protein . 

Protein  or  cystine. . 
Cellulose  (?  hay) .... 

Carbohydrate  (a-  or 
/3-lactose  as  only 
source  of  carbohy¬ 
drate)  . 

Lecithin . 

Fatty  acid . 

Cystine . 

Methionine . 

Vitamin  .A . 

Riboflavin . 

Biotin . 


Species 


Reference 


Rat 

Rat 

Guinea 

pift 


204 

271 

306 


Rat 

Pig 

Rat 

I  Rabbit 
1  Rat 
Rat 
Rat 
Rat 


133 

446 

355 

3 

1,  401 

207 

297 

422,134  192,216 
319 

130,317,320,  407 
95 


Inositol 


/Mouse  489-92,282,283 
iRat  407,94,318 


Pantothenic  acid  ...  ' 

Pyridoxine . 

Vitamin  E . 

Chloride . 

Iodide . 

Iron . 

Copper . 

Zinc .  i 


Mouse 

283. 346,  302 

Rat 

186, 423 

Monkey 

287 

Swine 

487 

Rat 

9 

Rat 

460 

Rat 

330 

Pig 

203 

Rat 

96 

Rabbit 

400 

Mouse 

108, 322 

,Rat 

129, 152 

rabbits.  In  this  species,  rubbing  with  oint¬ 
ments  containing  cholesterol  (lanolin)  pro¬ 
moted  hair  growth  by  activating  the  dor¬ 
mant  follicles  (226).  As  has  been  pointed  out 
in  a  previous  section  (p.  611),  any  non¬ 
specific  irritation,  such  as  the  mere  act  of 
rubbing  the  skin,  induces  a  new  hair  cycle  in 
rabbits.  When  adequately  controlled  e.xperi- 
ments  were  carried  out,  percutaneous  ap- 
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plication  of  cholesterol  was  not  found  to 
have  any  superior  value  over  the  inunction 
of  any  ointment  (274).  These  objective  re¬ 
buttals  did  not  prevent  the  commercial 
promotion  of  cholesterol-containing  hair  lo¬ 
tions  (235,  239).  The  use  of  egg-yolk  sham¬ 
poos  and  of  other  preparations  which  con¬ 
tain  the  “hair-food”  cholesterol  still  enjoys 
some  popularity  (30). 

Pantothenic  acid  and  its  derivatives,  such 
as  panthenol  (pantothenic  alcohol)  are 
among  the  latest  compounds  used  to  pro¬ 
mote  hair  growth.  Good  results  have  been 
claimed  by  a  number  of  authors  from  local 
and  systemic  administration  in  the  treat¬ 
ment  of  various  types  of  alopecias  (189,  236, 
325,  256);  but  none  of  the  clinical  experi¬ 
ments  was  adequately  controlled.  An  inter¬ 
esting  observation  concerns  a  hypothyroid 
child  whose  scant  scalp  hair  could  not  be 
restored  by  thyroid  medication,  even  though 
the  other  symptoms  of  hypothyroidism  were 
alleviated.  Administration  of  pantothenic 
acid  brought  about  a  dense  growth  of  scalp 
hair  (171). 

Pantothenic  acid  is  excreted  through  the 
hair;  however,  no  difference  was  found  in 
the  amounts  excreted  in  the  hair  of  normal 
persons  and  of  those  with  common  baldness 
or  alopecia  areata  (323).  Urinary  excretion 


of  pantothenic  acid  was  also  the  same  in 
normal  individuals  and  in  subjects  with  gray 
hair  or  with  baldness  (383).  Thus  there  is  no 
objective  evidence  available  to  support  the 
assumption  that  pantothenic  acid  has  a  bio¬ 
chemical  role  in  the  {production  of  hair.  Final 
judgment  on  its  clinical  value  as  a  hair 
growth-promoter  must  await  controlled 
clinical  studies. 

x\mong  the  serious  experimental  studies 
on  human  hair  loss  from  nutritional  de¬ 
ficiencies,  those  of  Goldman  and  his  co¬ 
workers  deserve  mention.  All  the  patients 
were  children.  In  one  series  the  hair  loss  was 
associated  with  other  signs  of  deficiency 
syndromes  (79);  in  another  group  the  eti¬ 
ology  either  was  uncertain  or  was  attributed 
to  faulty  intestinal  absorption  due  to  in¬ 
testinal  parasites  or  to  the  administration  of 
sulfonamides  (175).  Objective  proof  of  the 
impaired  hair  formation  was  provided  by 
the  demonstration  of  changes  in  the  physical 
properties  of  the  hair  (176).  Administration 
of  pantothenic  acid  was  curative  in  many 
cases,  although  a  definite  relation  between 
the  intake  of  the  vitamin  and  the  improved 
hair  growth  could  not  be  established.  Im¬ 
paired  growth  of  beard  in  adult  males  on  a 
starvation  diet  will  be  discussed  elsewhere 
(p.  629). 


VII.  HORMONAL  INFLUENCES 


The  endocrine  glands  affect  hair  growth 
in  animals  and  in  man.  These  hormonal  ef¬ 
fects,  however,  may  manifest  themselves  in 
different  ways  in  different  species.  For  in¬ 
stance,  in  rodents  the  local  (475)  or  systemic 
(476)  administration  of  adrenal  cortical  hor¬ 
mones  arrests  the  growth  of  hair  and  may 
even  lead  to  follicular  atrophy.  In  other 
groups  of  mammals  and  in  man  this  effect 
cannot  be  demonstrated  (20,  178).  On  the 
contrary,  in  man  an  excess  of  adrenal  corti¬ 
cal  hormones  may  lead  to  excessive  hair 
grovv'th  in  specified  areas. 

These  discrepancies  do  not  invalidate  the 
results  obtained  in  general  from  animal  ex¬ 
perimentation  in  the  field  of  hair  growth. 
Numerous  agents,  such  as  thallium.  X-rays, 


excessive  doses  of  vitamin  A,  etc.,  have  the 
same  effects  in  animals  and  in  man  (p.  632). 

The  different  responses  of  the  piliary  sys¬ 
tem  to  endocrine  substances  in  man  and  in 
animals  may  be  due  to  anatomical  and 
physiological  differences,  such  as  the  thin 
epidermis,  large  number  and  density  of  the 
follicles,  and  cyclic  hair  waves  in  common 
laboratory  animals  and  differences  in  hor¬ 
monal  secretions  (58).  lurthermore,  in 
furred  species  the  formation  of  hair  consti¬ 
tutes  a  much  larger  portion  of  the  entire 
protein  metabolism  than  it  does  in  man 

(291).  .  . 

Because  of  these  species  differences,  it  is 

not  always  easy  to  correlate  experimental 
hormonal  effects  on  animals  with  observa- 
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tions  made  on  man.  In  this  section  the  in¬ 
fluence  of  hormonal  factors  on  human  hair 
growth  will  be  discussed  exclusively. 

A.  CLASSIFICATION  OF  HAIR  FROM  THE 
ENDOCRINE  POINT  OF  VIEW 

From  the  point  of  view  of  endocrine  influ¬ 
ences,  human  hair  may  be  divided  into  the 
following  groups,  a  classification  modified 
from  the  ones  originally  proposed  by  Uan- 
forth  (101)  and  Garn  (164). 

1.  Hair  that  is  the  same  in  both  sexes  and 
is  not  primarily  under  hormonal  control. 
This  includes  lanugo  hair  all  over  the  body, 
eyebrows,  eyelashes,  and  probably  some  of 
the  hair  on  the  extremities. 

2.  Ambosexual  hair  under  endocrine  con¬ 
trol.  This  includes  the  coarse  hair  that  is 
present  after  puberty  to  the  same  extent  in 
normal  representatives  of  both  se.xes.  Ambo¬ 
sexual  hair  is  represented  by  axillary  hair 
and  a  major  (mostly  the  lower)  portion  of 
the  pubic  hair;  scalp  hair  may  also  be 
discussed  in  this  category. 

3.  Hair  that  serves  as  a  true  secondary 
male  character.  Terminal  hair  on  the  face, 
beard  and  mustache,  are  the  main  repre¬ 
sentatives  of  hair  which  is  present  in  all 
sexually  mature  and  normal  males®  but  not 
in  females.  In  most  males  varying  amounts 
of  upper  pubic  hair  on  and  around  the  linea 
alba  also  belong  to  this  group,  as  well  as 
hair  in  the  external  ear  canal,  a  distinct 
male  characteristic  (197).  Finally,  the  larger 
amounts  of  body  hair,  like  hair  on  the  chest, 
shoulders,  abdomen,  and  back  of  hairy  men, 
are  also  sexual  characteristics. 

It  has  been  pointed  out  that  differences 
in  the  hairiness  of  males  and  females  are 
quantitative  rather  than  qualitative.  There 
is  not  a  single  area  which  is  hairy  in  men 
that  may  not  become  hypertrichotic  in 
women  under  pathological  conditions  (28). 

B.  ADRENAL  CORTEX 

The  promoting  effect  of  adrenal  cortical 
hormones  on  hair  growth  is  illustrated  by 

3.  The  present  discussion  deals  with  the  Cauca¬ 
sian  race,  as  other  races,  such  as  some  orientals  are 
characterized  by  scant  or  absent  beard  or  body  hair 


the  hirsutism  which  develojis  in  cases  of 
hypercorticoidism  in  the  female.  Hyper- 
corticoidism  may  develop  from  diffuse 
adrenal  cortical  hyperplasia,  from  benign  or 
malignant  tumors  of  the  adrenal  cortex,  or 
from  pituitary  hyperfunction  (368,  387,  321, 
195,  151,  396).  These  types  of  hirsutism  are 
caused  principally  by  the  secretion  of  andro¬ 
genic  hormones  by  the  diseased  adrenal 
glands.  After  removal  of  the  hyperfunction¬ 
ing  adrenal  tissue,  the  excessive  hair  falls 
out  or  subsequent  generations  of  hair  be¬ 
come  gradually  thinner.  Many  months  may 
elapse  after  correction  of  hypercorticoidism 
before  the  hirsutism  subsides  or  coarse  hair 
is  replaced  by  thinner  hair.  As  a  rule,  hyper¬ 
trichosis  is  the  last  sign  to  disappear,  long 
after  all  other  signs  of  hypercorticoidism 
have  subsided. 

Therapeutic  administration  of  cortisone 
may  cause  hypertrichosis  in  the  female. 
Hypertrichosis  during  and  after  pregnancy 
has  also  been  atrributed  to  hypercorticoid¬ 
ism  (416). 

In  the  female  normal  adrenocortical 
function  is  essential  for  the  normal  growth 
of  pubic  and  axillary  hair  (p.  628). 

Local  apiilication  of  adrenal  cortical  ex¬ 
tracts  has  no  effect  on  hair  growth  in  normal 
individuals  (178). 

c.  PiruIT.VRY 

The  anterior  lobe  of  the  pituitary  influ¬ 
ences  hair  growth  primarily  by  virtue  of  its 
adrenocorticotropic  hormone.  Prolonged  ad¬ 
ministration  of  adrenocorticotrojiic  hormone 
to  female  patients  frequently  causes  hyper¬ 
trichosis  on  face,  trunk,  and  extremities. 
Pathological  hyperpituitarism  (Cushing’s 
syndrome)  also  causes  hypertrichosis  of  the 
face,  chest,  abdomen,  and  legs. 

Hypopituitarism  impairs  the  growth  of 
hair.  In  Simmonds’  disease  the  hair  is  thin 
and  dry  (213,  255);  hair  loss  in  the  pubic 
and  axillary  areas  is  common  (426).  Simi- 
larly,  lack  of  pubic  and  axillary  hair  is  char¬ 
acteristic  of  pituitary  dwarfs  (5).  Persistence 
of  fetal  lanugo  was  attributed  to  pituitary 
deficiency,  because,  according  to  Kylin,  im- 
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plantation  of  the  gland  had  a  curative  effect 
(255). 

Hypertrichosis  of  the  extremities  and 
trunk  occurs  in  acromegaly  (151,  86),  pre¬ 
sumably  an  effect  of  the  growth  hormone. 


D.  MALE  SEX  HORMONE 

Testicular  hormone  is  responsible  for  the 
growth  of  the  beard  and,  to  a  large  extent, 
for  the  development  of  coarse  hair  on  trunk 
and  extremities  in  the  male.  Its  presence  is 
required  also  for  the  complete  develo])ment 
of  axillary  and  pubic  hair  in  the  male.  In 
eunuchoids  and  prepubertal  castrates  the 
male  type  of  hair  fails  to  develop. 

On  the  scalp,  paradoxically,  the  male  sex 
hormone  creates  conditions  which  may  lead 
to  early  male  baldness  in  genetically  pre¬ 
disposed  individuals.  Eunuchs  do  not  de¬ 
velop  baldness  but  may  do  so  when  treated 
with  testosterone  propionate,  provided  that 
they  have  the  hereditary  predisposition 
(196).  There  appears  to  be  a  positive  corre¬ 
lation  between  common  male  baldness  and 
hairiness  in  other  body  areas  (202). 

The  i)opular  belief  that  hairiness  of  the 
trunk,  with  or  without  baldness  of  the  scalp, 
indicates  “virility”**  is  obviously  based  on 
observations  of  absence  of  body  hair  in 
hypogonadal  males  as  contrasted  with  the 
hairiness  of  normal  males.  However,  the 
degree  of  hairiness  depends  not  only  on  the 
presence  of  male  sex  hormone  but  also  on 
hereditary  factors.  There  is  no  correlation 
between  the  extent  of  hairiness  and  sexual 
j)otency.  Ihe  terminal  body  hair  is  an 
indicator  of  the  presence — in  the  present  or 
in  the  past  -of  male  sex  hormone,  but  cer¬ 
tainly  not  a  quantitative  measure. 

All  hormones  with  androgenic  activity, 
regardless  of  their  point  of  origin,  whether 
from  testicles,  adrenal  cortex,  or  ovaries, 
have  a  stimulating  effect  on  the  germmative 
epithelium  of  the  follicles.  In  the  case  of 
testosterone  propionate  this  stimulating 


4  The  colloquial  term  for  infantryman  in  hrench 
is  poilu,  “the  hairy  one”  (f>4,  -Wl).  The  Latin  ,, rov¬ 
er!) :  “Vir  pilosus  seu  fortis,  scu  hhulinosus  mean 
“The  hairy  man  is  either  strong  or  sexy  (2-  )• 


effect  has  been  shown  to  be  due  to  a  direct 
local  action  on  the  follicles  (4,  221,  474). 

E.  OVARIAN  HORMONES 

The  ovaries  may  influence  hair  growth  in 
a  number  of  ways; 

1.  Albright  hypothesized  that  production 
of  estrogens  stimulates  the  pituitary  gland, 
which,  in  turn,  stimulates  the  adrenal  cortex 
to  produce  androgens  (p.  625).  The  develoj)- 
ment  of  pubic  and  axillary  hair  in  the  female 
was  thought  to  be  due  to  the  effect  of  these 
androgens  (5).  Actually,  in  females  who  de¬ 
veloped  Addison’s  disease  before  puberty, 
there  is  absence  of  pubic  and  axillary  hair 
(242,  312).  In  primary  ovarian  insufficiency 
(5)  and  in  ovarian  agenesis  (426)  pubic  and 
axillary  hair  does  not  develop  fully  because 
of  insufficient  stimulation  of  the  adrenal 
cortex  during  puberty.  This  situation  is 
remedied  by  the  administration  of  estro¬ 
genic  hormone.  In  adult  life  the  ovaries  are 
no  longer  required  for  this  stimulation,  and 
the  loss  of  the  ovaries  no  longer  influences 
the  growth  and  distribution  of  this  so-called 
“sexual  hair.” 

2.  In  cases  of  extreme  feminization  in 
man,  the  estrogens  suppress  the  production 
of  testicular  hormone  and  may  counteract 
the  stimulating  effect  of  male  sex  hormones 
(j).  626).  However,  hairiness  does  not  de¬ 
pend  sim])ly  on  the  outcome  of  a  hyjiotheti- 
cal  battle  between  androgens  and  estrogens. 
No  convincing  evidence  has  been  jiresented 
to  indicate  that  local  aiiplication  or  systemic 
administration  of  estrogens  in  clinically  ac¬ 
ceptable  dosages  has  any  effect  on  hair 
growth.  Therapeutic  attempts  of  this  nature 
either  have  been  disappointing  or  have  led 
to  questionable  results  (345,  138,  366). 

3.  The  theca  cells  of  the  ovaries  jmoducc 
an  androgenic  hormone  which  has  mascu¬ 
linizing  effects.  When  produced  in  e.xcessivc 
amounts,  this  hormone  may  cause  hirsut¬ 
ism.  The  malignant  growth  of  theca  cells, 
called  “arrhenoblastoma,”  is  the  most  ex¬ 
treme  examj)le  of  hirsutism  of  ovarian  origin 
(419).  Other  pathological  states  of  the 
ovaries  may  also  cause  hirsutism,  such  as  the 
Stein-Leventhal  syndrome  (411,  410,  26o). 
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thecoma  and  hyperthecosis  (157,  218),  hir¬ 
sutism  of  ovarian  orij^in  (417),  or  folliculoma 
(255).  Luteomas  and  adrenal  rest  tumors 
also  belong  here. 

In  some  of  these  cases,  but  not  in  ar- 
rhenoblastomas,  the  urinary  17-ketosteroid 
level  is  high,  especially  the  fractions  which 
are  identical  with  the  metabolites  of  testos¬ 
terone  (417,  219,  218). 

F.  THYROID 

Normal  functioning  of  the  thyroid  is  es¬ 
sential  for  the  adequate  growth  of  hair.  The 
gland  may  act  indirectly  by  influencing 
other  endocrine  glands  (particularly  the 
gonads)  or  by  its  direct  effects  on  tissues. 


scalt),  pubes,  or  the  axillae  may  occur  (86, 
577).  Hair  loss  on  the  seal})  has  sometimes 
the  features  of  alopecia  areata  or  totalis; 
{lossibly  there  is  an  umlerlying  impairment 
in  the  function  of  the  pituitary  gland  (482). 

G.  PUBIC  HAIR 

The  classical  distinction  between  “mascu¬ 
line”  and  “feminine”  distribution  of  pubic 
hair  was  based  on  the  observation  that  in 
normal  men  the  pubic  hair  extends  into  the 
region  in  and  around  the  linea  alba,  while  in 
women  its  upper  border  is  horizontal.  More 
recently  Dupertuis  et  al.  (121)  described 
four  types  of  pubic  hair  distribution;  the 
four  patterns  are  characterized  by  their 


IiG.  11.  l-our  Ijasic  patterns  of  j)ul)ic  hair  distribution.  /,  horizontal;  II,  sagittal;  III,  acuminate-  IV 
HumTn  ItWogv  (Reproduced  by  permission  of  Dr.  Dupertuis  ami 


Diminished  output  of  the  thyroid  affects  the 
development  of  hair  in  intrauterine  life. 
Persistence  of  fetal  lanugo  was  observed  in 
hypothyroid  children  (511).  In  such  cases 
administration  of  thyroid  caused  new  forma- 
don  of  hair  follicles,  which  extended  deeper 
into  the  corium  than  the  follicles  present 
prior  to  therapy  (10). 


In  myxedema  of  adults  the  hair  is  scar 
dry,  and  brittle  (577,  414,  415).  The  ha 
loss  has  no  particular  distribution,  althouj 
frontal  alojiecia  (7)  with  greasy  scales  (50 
and  disaiijiearance  of  the  outer  third  of  tl 
eyebrows  (277)  seem  relatively  commo 
I  he  latter  (so-called  “Hertoghe”)  sign  h; 
even  been  considered  pathognomic  for  my 
edema,  but  it  occurs  in  other  types  of  ha 

loss  (e.g.,  1,1  syphilis  or  thallium  poisoniiv 
as  well  (86,  516).  ' 

In  hyperthyroidism,  loss  of  hair  on  tl 


upper  borders  and  are  as  follows:  (I)  hori¬ 
zontal;  (II)  sagittal,  the  hair  showing  a 
linear  extension  in  the  mid-line  over  the 
linea  alba ,  (III )  acuminate,  with  a  triangular 
upward  extension  jiointing  toward  the  um¬ 
bilicus;  and  (IV)  disperse,  with  the  hair 
distributed  over  the  abdomen  without  form¬ 
ing  any  discrete  geometrical  pattern  (121) 
(Fig.  11).  The  frequencies  of  the  various 
jiatterns  in  the  two  sexes  at  various  ages  are 
1  lustrated  in  Table  8,  which  shows  that, 
with  increasing  age,  men  tend  to  develop  a 
more  hairy  pattern.  The  disperse  pubic  hair 
IS  an  absolute  male  characteristic;  it  never 
occurs  in  normal  women. 

From  the  point  of  view  of  hormonal  in¬ 
fluences,  the  areas  covered  with  pubic  hair 
may  be  divided  into  two  sections:  (1)  a 
ower  triangle  with  its  apex  pointing  toward 
the  symphysis  and  with  a  horizontal  ujipcr 
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margin;  (2)  the  area  above  this  horizontal 
border  in  which  hair  covers  to  a  varying  ex¬ 
tent  the  linea  alba  and  the  surrounding  ab¬ 
dominal  skin.  In  some  rare  instances  the 
two  areas  may  be  covered  with  hair  of  dif¬ 
ferent  colors,  the  upper  area  being  darker 
(356,  39,  117). 

Several  observations  indicate  that  the 
lower  triangle  may  be  under  adrenal  cortical 
control:  (1)  In  Addison’s  disease  of  women 
there  is  frequent  loss  of  hair  in  this  region, 
provided  that  the  deeper  (probably  the 

TABLE  8* 

Frequency  of  Pubic  Hair  Distribution 
Patterns  in  Normal  Men  and 
Women  (121)  (Percentages) 


Age 

(Years) 

Hori¬ 

zontal 

Sagittal 

Acumi¬ 

nate 

Dis¬ 

perse 

Males 

18 . 

38.3 

12.1 

49.6 

0 

30-40 . 

16.7 

2.1 

52.0 

29.2 

Females 

18 . 

89.1 

1.7 

9.2 

0 

31-40 . 

92.5 

0 

7.5 

0 

*  Total  number  of  subjects:  1,060  males;  309  females. 


fasciculate  and  reticulate)  zones  of  the  cor¬ 
tex  are  affected  (426,  5,  242,  39,  312).  There 
is  no  quantitative  correlation  between  the 
extent  of  hair  loss  and  the  level  of  urinary 
17-ketosteroids  (426).  (2)  There  are  four 
kinds  of  abnormal  endocrine  states  in  which 
low  17-ketosteroid  levels  in  the  urine  are  as¬ 
sociated  with  loss  of  pubic  hair,  namely, 
Addison’s  disease  (242,  312),  Simmonds 
disease,  hypothyroidism,  and  senescence  (a). 

In  men  there  is  an  obvious  effect  of  the 
gonads  on  the  growth  of  pubic  hair.  Post- 
pubertal  castration  in  the  male  reduces 
pubic  hair  in  amount  and  to  the  level  o  )- 
served  in  normal  females  with  a  horizontal 
upper  border  (242).  In  women  the  estro¬ 
genic  hormones  alone  cannot  develop  a  full 


growth  of  pubic  hair.  An  illustration  of  this 
jioint  was  offered  by  Greenblatt.  He  re¬ 
ported  the  case  of  a  woman  with  pituitary 
deficiency  and  amenorrhea.  After  the  ad¬ 
ministration  of  estradiol,  the  patient’s  men¬ 
struation  was  restored,  but  she  still  did  not 
grow  any  pubic  hair.  It  was  not  until  the 
patient  received  injections  of  testosterone 
that  her  pubic  hair  began  to  grow  (179). 

In  men  the  upper  portion  of  the  pubic 
hair  on  and  around  the  linea  alba  is  under 
the  influence  of  male  sex  hormones.  As  men¬ 
tioned  above,  postpubertal  castration  abol¬ 
ishes  hair  in  this  region.  In  most  normal 
women  this  area  is  not  hairy.  If  androgen 
secretion  is  increased  in  females,  hair 
growth  may  occur  on  and  around  the  linea 
alba.  According  to  Pedersen,  menstrual 
anomalies,  amenorrhea,  and  increased  an¬ 
drogen  excretion  are  twice  as  frequent  in 
hypertrichotic  women  with  hair  in  the  linea 
alba  as  in  hypertrichotic  women  without 
hair  in  this  region.  The  extent  and  frequency 
of  hairiness  in  other  regions  could  not  be 
correlated  with  the  increased  urinary  andro¬ 
gen  excretion  and  menstruation  anomalies  in 
hairy  women  (341,  342).  This  correlation 
between  hair  on  the  linea  alba  and  increased 
17-ketosteroid  excretion  in  hypertrichotic 
women,  found  by  Pedersen,  could  not  be 
confirmed  in  a  later  work,  and  the  problem 
appears  to  merit  further  study  (340).  After 
the  menopause,  the  pubic  hair  becomes 
thinner,  and  if  there  has  been  a  sagittal 
border  it  disappears  (28).  These  changes 
were  attributed  to  decreased  adrenal  corU- 
cal  activity,  as  evidenced  by  a  low  1/- 
ketosteroid  excretion  in  the  urine  (5). 

Pregnancy  has  no  effect  on  the  distribu¬ 
tion  of  pubic  hair. 

II.  axillary  hair 

Axillary  hair  is  controlled  by  the  same 
hormonal  factors  as  pubic  hair.  lor  this 
reason,  as  a  rule,  changes  in  the  growth  of 
hair  from  hormonal  dysfunctions  are  similar 

in  these  two  areas.  .  .  ,  , 

The  growth  of  axillary  hair  m  females  re- 

quires  both  estrogenic  and  adrenal  corlica 
secretion  (5).  In  males  there  is  no  evidence 
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that  adrenal  secretion  is  required  for  physi¬ 
ological  growth  of  axillary  hair.  In  males  the 
peak  of  axillary  hair  growth  is  reached  in 
the  third  decade;  thereafter,  it  declines  in  a 
regular,  steady  curve  (198). 

In  women  the  estrogenic  hormones  have 
no  direct  effect  on  axillary  hair.  It  has  been 
Albright’s  hypothesis  (5)  that  estrogens 
promote  growth  of  axillary  hair  indirectly 
by  stimulating  the  anterior  pituitary  to 
secrete  luteinizing  hormone,  which,  in  turn, 
enhances  the  secretion  of  an  adrenal  andro¬ 
gen.  This  view  has  been  challenged  by  the 
observation  that  the  scanty  axillary  hair  of 
female  Addisonian  patients  has  regrown 
under  therapy  with  cortisone,  which  is  not 
an  androgen.^ 

Axillary  hair  reaches  its  maximum  de¬ 
velopment  during  the  second  or  third  decade 
and  rapidly  decreases  after  the  menoj)ause 
(28,  198).  Eventually  the  hair  disai)pears 
entirely  in  old  age. 

Decreased  axillary  hair  production  has 
been  noted  in  conditions  associated  with 
decreased  function  of  the  testes.  Thus  in 
prepubertal  castrates  no  axillary  hair  de¬ 
velops,  and  in  postpubertal  castrates  the 
axillary  hair  decreases,  though  it  does  not 
entirely  disappear.  The  weight  of  axillary 
hair  apparently  parallels  the  urinary  values 
of  17-ketosteroids  and  androgens  (198).  In 
hepatic  cirrhosis,  axillary  hair  is  frequently 
lost  in  both  sexes,  i)resumably  because  of 
the  increased  estrogen  level.  In  men  this 
loss  occurs  together  with  decreased  growth 
of  beard  and  gynecomastia  (224,  308).  In¬ 
creased  estrogen  level  may  inhibit  hair 
growth  by  sui)pressing  testicular  hormones. 

It  is  of  great  interest  that  testosterone 
has  a  direct,  local  stimulating  action  on 
axillary  and  pubic  hair.  This  effect  has  been 
observed  in  males  with  diminished  gonadal 
function.  When  one  axilla  or  one  side  of  the 
pubic  area  was  rubbed  with  alcoholic  tes¬ 
tosterone  propionate,  the  hair  became  much 
more  abundant  there  than  on  the  control 
side,  which  was  treated  with  alcohol  alone 
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(4,  221).  A  similar  effect  has  been  noted  also 
in  abdominal  areas  (474). 

Axillary  hair  is  lost  in  the  same  abnormal 
endocrine  states  as  pubic  hair,  namely,  in 
Addison’s  disease  of  female  patients  (pro¬ 
vided  that  the  adrenal  damage  is  sufficiently 
extensive)  (426,  5,  242,  39,  312),  Simmonds’ 
disease,  hypothyroidism,  and  extreme  old 
age,  all  characterized  by  low  urinary  17- 
ketosteroid  excretion  (5).  An  interesting  ob¬ 
servation  concerns  the  loss  of  axillary  hair 
in  about  half  the  patients  with  thyrotoxico¬ 
sis,  even  before  the  appearance  of  other 
clinical  signs  of  the  disease  (482). 

An  alleged  sexual  dimorphism  has  been 
described  in  the  distribution  of  axillary  hair. 
In  males  the  axillary  hair  is  supposedly  dis¬ 
tributed  mostly  along  the  medial  side  of  the 
upper  arm,  in  females  mostly  over  the  chest 
wall  (132). 


I.  BEARD 


Beard  is  a  typical  male  character,  de¬ 
pendent  on  the  presence  of  male  sex  hor¬ 
mones.  Eunuchs,  eunuchoids,  and  other 
hypogonadal  men  have  no  beards.  De¬ 
creased  growth  of  beard  in  old  age  may  be 
stimulated  by  administration  of  testoster- 


and  greatly  decreased  growth  of  the  beard 
in  men  living  on  a  starvation  diet  has  been 
attributed  to  decreased  functioning  of  the 
gonads  (225).  However,  these  changes  may 
equally  well  be  attributed  to  the  lack  of  an 
adequate  supjdy  of  proteins  needed  for  the 
production  of  hair.  Estrogens,  when  given 
in  large  doses  to  males,  decrease  the  amount 
of  hair  on  the  chin  and  cheeks  (237).  The 
beard  is  diminished  in  myxedema  but  is  not 
affected  in  Addison’s  disease. 

In  women  the  growth  of  varying  amounts 
oi  facial  hair  is  an  almost  physiological 
manifestation  after  the  menopause.  It  has 
been  attributed  to  a  temporary  rise  in 
adrenal  cortical  secretion,  an  explanation 
which  is  admittedly  far  from  satisfactory. 
Under  pathological  conditions,  growth  of 
beard  in  women  may  be  part  of  generalized 
yperlnchosis,  due  to  adrenal  virilism 
(pseudohermaphroditism),  Cushing’s  syn- 
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drome,  to  the  so-called  Achard-Thiers  syn¬ 
drome  (“diabetes  of  bearded  women”) 
(v?96),  to  virilism  from  gonadal  dysfunc¬ 
tion,  or,  as  in  the  majority  of  cases,  it  may 
occur  without  any  demonstrable  endocrine 
disturbance  (so-called  “idiopathic  hirsut¬ 
ism”). 

J.  SCALP  HAIR 

Scalp  hair  is  unique  from  a  hormonal 
standpoint.  While  male  sex  hormones  pro¬ 
mote  the  growth  of  hair  on  other  parts  of  the 
body,  on  the  scalp  these  hormones  may 
create  conditions  which  lead  to  loss  of  hair. 
The  presence  of  male  sex  hormones  or  of  an 
excess  of  androgenic  hormones  of  the  adrenal 
cortex  is  essential  for  the  appearance  of  alo¬ 
pecia  frontalis  (p.  631).  Male  sex  hormones 
are  required  for  the  development  of  common 
male  baldness.  Aristotle  has  stated  that 
eunuchs,  children,  and  women  do  not  get 
bald  (374).  Male-type  baldness,  however, 
can  be  elicited  by  the  administration  of 
testosterone  in  genetically  predisposed  eu¬ 
nuchs  (196).  It  does  occur  in  children  af¬ 
fected  by  precocious  puberty  and  in  women 
suffering  from  virilizing  disorders,  deriving 
from  excessive  androgen  secretion  of  the 
adrenal  cortex  or  from  excessive  male  hor¬ 
mone  production  in  the  ovaries  (arrheno- 
blastoma)  (394,  89,  22,  137,  284,  205,  343, 
115,  485,  376).  Simultaneously  with  luxuri¬ 
ant  hair  growth  on  the  body,  there  may  be 
partial  or  complete  loss  of  scalp  hair.  It  has 
been  claimed  that  menopause  may  elicit 
male-type  baldness  (28),  but  such  baldness 
is  rare  in  women  who  do  not  suffer  from 
endocrine  disorders  far  beyond  the  physio¬ 
logical  events  of  menopause. 

The  anomalous  behavior  of  scalp  hair  in 
its  response  to  androgenic  principles  has  re¬ 
mained  unexplained.  Different  theories  have 
been  advanced  to  exjilain  the  jiarticular 
local  conditions  prevailing  in  the  scalp  which 
may  give  rise  to  the  loss  of  hair  in  males. 
The  main  theories  are  as  follows: 

1.  The  scalp  is  a  unique  terrain,  because 
the  skin  is  stretched  tightly  over  the  skull. 
In  liberty  the  rapid  growth  of  the  sku 
would  place  the  overlying  skin  under  in¬ 


creased  })ressure  and  would  interfere  with 
the  blood  circulation.  The  decreased  blood 
sujiply  would  cause  more  or  less  extensive 
damage  to  the  hair  follicles  and  would 
eventually  lead  to  baldness  (380).  This 
theory  and  other  similar  views  (428)  do  not 
account  for  the  sudden  development  of 
male-type  baldness  in  some  virilizing  dis¬ 
orders  of  women  or  for  the  hair  loss  occur¬ 
ring  in  adult  eunuchs  after  treatment  with 
male  sex  hormones.  Increased  tenseness  of 
the  skin  of  the  scalp  in  bald  people  has  been 
described  (466,  467,  270);  however,  this  de¬ 
creased  mobility  of  the  skin  may  well  be  a 
secondary  effect  due  to  atrophy  of  the  sub¬ 
cutaneous  adipose  tissue  (270).  Diminution 
of  the  blood  sui)ply  to  the  hair  follicles 
causes  loss  of  hair  both  in  man  (314)  and  in 
e.xperimental  animals  (498).  However,  the 
excitability  of  the  cutaneous  capillaries  is 
also  under  the  direct  influence  of  male  sex 
hormones  (359),  and  there  is  no  reason  to 
postulate  increased  tenseness  of  the  skin  as 
the  only  possible  mechanism  which  may 
interfere  with  the  circulation  of  the  scalp. 

2.  A  possible  local  change  brought  about 
by  male  sex  hormones  may  be  an  altered 
sebaceous  secretion.  Sabouraud  assumed 
that  there  was  a  causal  relationship  be¬ 
tween  seborrhea  and  hair  loss:  seborrhea 
would  create  a  favorable  terrain  for  certain 
microorganisms  which  damage  the  hair  fol¬ 
licles  (374).  This  theory,  now  obsolete,  has 
been  superseded  by  the  working  theory  that 
sebum  may  interfere  with  hair  growth  by 
virtue  of  its  unsaturated  components  which 
cause  hair  loss  in  animals  (141,  143,  144).  A 
great  deal  more  evidence  is  needed  before 
the  causal  relationship  between  altered  se¬ 
baceous  secretion  and  hair  loss  is  })roved. 

Whatever  conditions  are  created  on  the 
scalp  by  male  sex  hormones,  leading  even¬ 
tually  to  baldness,  it  is  well  to  remember 
that  hair  follicles  on  the  scalp  are  generally 
the  most  sensitive  of  all  hair  follicles  to 
damaging  effects.  Such  unrelated  agents  as 
thallium.  X-rays,  heparin,  the  dimers  of 
chloroprene,  or  excessive  doses  of  vitamin 
A,  all  attack  most  easily  the  hair  on  the 
scalp.  It  is  obvious  that  conditions  on  the 
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scalp  are  different  from  those  on  other  i)arts  the  long  life-cycles  of  the  scalj)  hair.  In  any 
of  the  body.  The  difference  may  lie  in  a  less  case  the  problem  is  still  unsolved  and  awaits 
adequate  blood  supply  to  the  follicles  or  in  further  intensive  study. 


VIII.  PATHOPHYSIOLOGY  OF  ALOPECIAS 


Alopecia®  (calvities,  baldness)  or  lack  of 
hair  is  the  result  of  a  number  of  conditions  in 
which  the  two  following  requirements  are 
fulfilled:  (1)  hair  growth  is  temporarily  or 
permanently  arrested;  (2)  the  old  hair  falls 
out  and  is  not  replaced  by  new  hair,  tem¬ 
porarily  or  permanently. 


A.  PHYSIOLOGICAL  ALOPECIAS 


1.  Alopecia  in  the  Newborn  and  Infant 


The  fetus  is  covered  with  a  dense  coat  of 
lanugo  hair.  Between  the  sixth  and  eighth 
months  of  pregnancy  this  hair  disappears 
and  is  replaced  by  the  so-called  “secondary 
hair”  of  the  newborn.  Soon  after  birth,  most 
infants  lose  varying  amounts  of  hair  on 
their  scalps.  The  hair  loss  may  begin  as 
early  as  the  first  day  after  birth.  It  is  most 
pronounced  in  the  frontal  and  occipital  re¬ 
gions;  in  the  latter  area,  it  is  due  mainly  to 
rubbing.  \\'ithin  a  few  weeks  the  hair  loss 
may  spread  over  the  entire  scalp.  Both  se.xes 
are  equally  affected.  The  condition  is  always 
reversible,  and  regeneration  sets  in  within 
the  first  year  of  life  (413,  54,  199).  The  same 
process  has  been  observed  in  anthropoid 
apes  (413). 

The  cause  of  this  alopecia  is  unknown. 
The  pattern  of  the  hair  loss  has  a  marked  re¬ 
semblance  to  that  occurring  in  adolescence 
and  to  common  male  baldness.  For  this 
reason  the  same  theories  have  been  ad¬ 
vanced  to  explain  all  three  conditions.  One 
of  these  theories  assumes  that  the  rapid 
growth  of  the  skull  places  the  skin  of  the 
scalp  under  tension;  the  blood  circulation  to 
the  hair  follicles  is  impaired,  and  the  hair 
stops  growing  (413).  It  is  difficult  to  see  how 


.  The  word  “aloi^ecia”  has  often  i)uzzled 
etymologists  While  there  is  general  agreement  t 
the  word  IS  derived  from  atopex,  the  Greek  word 
tox  the  connection  of  this  animal  with  baldr 
has  been  obscure.  One  explanation  has  been  that 
grass  withers  and  bare  spots  appear  in  the  wo 
v\herever  the  fox  urinates  (125). 


this  theory  would  ex-jilain  the  early  occur¬ 
rence  and  rapid  spread  of  the  alopecia.  In¬ 
creased  sebaceous  secretion  in  the  newborn 
has  also  been  imjilicated  (262);  whether  or 
not  “seborrhea”  has  any  etiologic  role  in  the 
development  of  any  kind  of  baldness  still 
awaits  further  jiroof  (p.  630).  It  is  probable 
that  hair  loss  in  many  of  these  infants  is 
caused  by  a  delayed  rejilacement  of  fetal 
hair;  normally,  this  change  takes  place  in 
intrauterine  life. 

The  similar  frontal  distribution  of  the 
bald  pattern  in  all  these  conditions  does  not 
necessarily  signify  identical  etiologic  factors, 
because  hair  follicles  in  this  region  are  most 
susceptible  to  the  inhibitory  effect  of  a  va¬ 
riety  of  agents  which  interfere  with  hair 
growth. 


2.  Hair  Loss  of  Adolescent  Boys 

Before  adolescence,  children  have  a  cir¬ 
cular  straight  hairline  which  is  similar  in  its 
outlines  to  a  skull  cap.  During  puberty, 
males  lose  hair  in  the  frontal  region  in  two 
triangular  areas  on  both  sides  of  the  mid¬ 
line.  This  condition,  also  referred  to  as 
“calvities  frontalis  adolescentium,”  gives 
rise  to  the  hairline  resembling  the  shape  of 
the  leUer  M,  which  is  present  in  the  large 
majority  of  adult  males.  Between  the  ages  of 
seventeen  and  twenty,  one-third  or  more  of 
all  men  already  have  these  frontal  incisures 
of  the  hairline  (54). 

The  development  of  this  hair  pattern  re¬ 
quires  the  presence  of  male  sex  hormones.  It 
does  not  occur  in  eunuchs;  they  retain  the 
straight  hairline  of  the  child  throughout  life 
(196,  199,  412).  When  treated  with  male  sex 
hormones,  eunuchs  lose  their  hair  in  the 
frontal  region;  later  the  alopecia  may  pro¬ 
gress  toward  the  type  of  common  baldness  if 
lere  is  hereditary  jiredisposition  (196)  In 
precocious  puberty  the  M-shaped  hairline 
may  develop  at  an  early  age  (412).  Women 
may  also  have  a  “masculine”  hairline  (54 
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199).  The  presence  of  this  hairline  in  women 
does  not  in  itself  mean  increased  “mascu¬ 
linity”  or  “deficient  femininity.” 

Frontal  alopecia  may  be  the  forerunner  of 
Common  baldness.  Progression  of  the  hair 
loss  in  the  frontal  region  and  merging  with 
the  gradually  enlarging  bald  spot  on  the 
vertex  leads  to  the  pattern  of  common  bald¬ 
ness,  with  only  a  fringe  of  hair  left  around 
the  circumference  of  the  scalp.  This  pattern 
of  early  male  baldness  requires  the  presence 
of  male  sex  hormones  (196). 

3.  Peroneal  Alopecia 

About  every  third  man  after  the  twen¬ 
tieth  year  of  life  loses  hair  on  the  lateral  side 
of  the  lower  leg  above  the  ankle  (199,  365). 
The  skin  in  this  area  becomes  gradually 
shiny  and  smooth,  with  only  a  few  scattered 
hairs  left. 

The  cause  of  this  condition  is  unknown. 
Whether  or  not  rubbing  of  the  clothing 
plays  any  etiologic  role  remains  to  be  estab¬ 
lished.  In  spite  of  previous  beliefs  (333, 
445),  it  is  without  any  pathological  signifi¬ 
cance  (365).  The  influence  of  hormonal  fac¬ 
tors  is  questionable;  although  peroneal  alo¬ 
pecia  has  been  observed  in  hypertrichotic 
women,  it  occurs  in  normal  women  as  well. 
There  is  no  correlation  between  the  occur¬ 
rence  of  common  male  baldness  and  pero¬ 
neal  alopecia  (199). 

B.  TEMPORARY  ALOPECIA  FROM 
CHEMICAL  AGENTS 

Although  temporary  alopecia  from  chem¬ 
ical  agents  is  not  strictly  within  the  scope  of 
the  physiology  of  hair  growth,  its  discussion 
may  be  justified  at  this  point.  Chemical 
agents  which  interfere  with  hair  growth  may 
be  considered  as  inhibitors  of  various  bio¬ 
chemical  processes  which  are  necessary  for 
the  elaboration  of  normal  hair.  If  we  gain 
some  insight  into  the  nature  of  these  various 
inhibitions,  we  may  obtain  some  information 
about  the  mechanism  of  hair  growth  m 


interfering  with  hair  growth  and  not  by  any 
keratolytic  action,  belong  in  one  of  the  fol¬ 
lowing  categories: 

1.  A  great  variety  of  chemical  com¬ 
pounds,  used  in  industry  or  as  therapeutic 
agents,  may  cause  loss  of  hair  by  a  non¬ 
specific  toxic  action.  In  most  of  these  cases 
hair  loss  is  only  a  sign  of  a  general  toxic  re¬ 
action.  In  many  cases  the  toxic  hair  loss  is 
accompanied  by  a  general  disturbance  in 
keratin  formation,  such  as  exfoliative  der¬ 
matitis,  or  by  anomalies  of  nail  formation. 
It  is  beyond  the  scope  of  this  chapter  to 
enumerate  all  the  substances  which  have 
been  reported  to  cause  loss  of  hair  either  be¬ 
cause  they  were  given  in  toxic  doses  or  be¬ 
cause  of  individual  hypersensitivity  to 
therapeutic  doses.  Among  others,  heavy 
metals  (36,  31),  arsenicals,  potassium  sulfo- 
cyanate  (217),  tetraethyl  lead  (434),  ata- 
brine  (379),  quinine,  and  ethyl  carbamate 
(34)  have  been  reported  to  have  such  effect. 

2.  Of  much  greater  interest  are  chem¬ 
icals  which  regularly  cause  loss  of  hair  in  the 
majority  of  human  subjects.  In  these  in¬ 
stances  the  alopecia  need  not  be  accom¬ 
panied  or  correlated  with  other  manifest 
toxic  signs  or  symptoms.  In  spite  of  previous 
beliefs  to  the  contrary,  all  these  agents  have 
a  direct  toxic  effect  on  the  follicular  epi¬ 
thelium  and  thus  interfere  with  the  forma¬ 
tion  of  normal  hair.  As  mentioned  earlier, 
the  main  point  of  attack  in  man  is  the  hair 
of  the  scalp,  the  growth  of  which  is  arrested 
by  all  these  agents.  Interference  with  the 
formation  of  hair  in  some  animal  species  is 
also  a  common  property  of  all  these  agents. 
As  a  rule,  hair  loss  in  both  man  and  animals 
is  reversible.  These  compounds  may  be 
designated  as  direct,  specific,  or  primary 
depilatory  agents.  Although  their  mode  of 
action  is  not  fully  understood,  it  is  probable 
that  some  of  them  inhibit  mitosis  (anti- 
carcinogenic  comi)ounds,  heparin)  (332), 
while  others  prevent  the  normal  process  o 
keratinization,  without  interfering  with  cell 
division  (thallium,  unsaturated  lipoid-solu- 
ble  compounds).  The  primary  depilatory 
agents  include  the  following  chemicals: 

unsaturated  lipid-soluble  com- 


rai.  , 

hemical  agents  which  have  been  de¬ 
ed  as  causing  loss  of  hair  in  man,  by 


thallium. 
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pounds,  substituted  amino  acids,  folic  acid 
antagonists  and  nitrogen  mustard,  and 
heparin  and  hei)arinoids. 

1.  Thallium 

In  spite  of  many  publications  on  the  sub¬ 
ject  (240, 177,  88, 309,  211,  57,  52)  and  much 
progress  made  in  recent  years,  the  exact 
mechanism  of  the  depilatory  action  of  thal¬ 
lium  is  still  an  unsolved  problem.  The  view 
that  the  effect  of  thallium  on  hair  growth 
was  caused  by  disturbances  of  the  sympa¬ 
thetic  nervous  system  (56)  and  of  the  endo¬ 
crine  glands  (55)  was  based  solely  on  in¬ 
direct  evidence  and  could  not  be  substan¬ 
tiated.  Indeed,  evidence  was  presented  that 
there  was  no  need  to  assume  an  indirect 
mechanism  of  action  and  that  the  depilation 
was  the  result  of  a  direct  toxic  effect  of 
thallium  upon  the  hair  follicles.  It  was  found 
that  thyroidectomized  or  ovariectomized 
animals  lost  their  hair  in  the  same  way  as 
normal  animals  (87,  72);  that  thallium  ex¬ 
erted  its  depilatory  effect  on  transplanted 
and  presumably  not  innervated  skin  areas 
(72);  and  that  in  thallium  poisoning  de¬ 
generative  changes  occur  in  the  follicular 
epithelium  (454-56,  139). 

Final  proof  of  the  ‘'elective  folliculo- 
tropic”  effect  of  thallium  came  from  Konigs- 
bauer  and  Thyresson.  Konigsbauer  showed 
that  depilation  in  animals  could  be  obtained 
only  when  the  hairs  were  in  the  growing 
stage.  Severing  of  the  sciatic  nerve  or  spinal 
cord  or  removal  of  endocrine  glands  did  not 
prevent  the  alopecia  (247).  In  an  exhaustive 
series  of  experiments  (438-42),  Thyresson 
found  that  the  accumulation  of  thallium  in 
the  skin  was  greatest  during  periods  of  ac¬ 
tive  hair  growth.  Studies  with  the  radio¬ 
active  isotope  T12«4  revealed  that  thallium  in 
the  skm  was  largely  taken  up  by  the  hair 
follicles  (440).  In  the  skin  of  newborn  rats, 
thallium  caused  characteristic  changes  in 
the  hair  follicles,  with  vacuolization  of  the 
cells;  this  process  was  followed  by  a  dis¬ 
turbed  keratinization.  The  hair  shaft  gradu¬ 
ally  lost  Its  distinct  structure  and  turned 
into  an  amorphous  mass;  about  3  days  after 
poisoning,  degenerative  changes  ajipeared  in 


the  hair  bulb,  hair  growth  was  arrested, 
and  finally  the  hair  follicles  completely  de¬ 
generated.  In  tissue  cultures  of  rat  skin, 
thallium  caused  complete  degeneration  of 
the  epidermis,  with  impaired  keratinization. 
The  experiments  indicated  that  thallium  did 
not  disturb  mitotic  cell  division  but  exerted 
a  toxic  effect  upon  the  epidermal  cells  which 
formed  keratin. 

The  biochemical  nature  of  this  toxic 
effect  is  unknown.  The  most  probable  mech¬ 
anism  is  that  thallium  interferes  with  either 
the  synthesis  or  the  utilization  of  cystine. 
The  administration  of  cystine  and,  to  a 
lesser  extent,  of  methionine  protects  rats 
against  the  toxic  effects  and  alopecia  caused 
by  thallium  (438,  187).  On  the  other  hand, 
sulfhydryl  compounds,  like  BAL,  have  no 
such  effect  (44).  This  observation  is  in  agree¬ 
ment  with  the  finding  that  thallium  does  not 
combine  with  sulfhydryl  compounds  in 
vitro  (146). 

In  summary,  thallium  disrupts  the  cellu¬ 
lar  differentiation  which  leads  to  keratin 
formation.  The  metal  probably  attacks  an 
advanced  link  in  this  process,  possibly  by 
interfering  with  the  incorporation  of  cystine 
into  the  keratin  molecule. 

2.  Unsaturatcd  Lipid-soluble  Compounds 

Reversible  hair  loss  among  workers  in  the 
neoprene  rubber  industry  has  been  traced  to 
exposure  to  intermediary  products  formed 
in  the  manufacturing  process  (388,  362, 
324).  These  substances — the  cyclic  dimers 
of  chloroprene — caused  reversible  baldness 
when  painted  on  the  skin  of  animals.  The 
depilatory  action  was  attributed  to  the 
presence  of  unsaturated  double  bonds 
i~G=C~)  in  the  molecules.  Other  un¬ 
saturated  compounds  had  a  similar  in¬ 
hibitory  effect  on  hair  formation  in  animals 
(141-^,  147_49)_  Among  these  compounds, 
vitamin  A  is  of  special  interest.  W'hen  taken 
by  mouth  in  excessive,  nonphysiologic 
amounts,  vitamin  A  caused  loss  of  hair  in 
over  half  the  subjects  suffering  from  hyper- 
vitaminosis  A  (425,  315,  358). 

The  exact  mode  of  action  of  these  com¬ 
pounds  IS  unknown,  It  is  believed  that  th? 
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depilalion  is  due  to  inhibition  of  free  sulf- 
hydryl  groups  of  epidermal  ])roteins.  Hy¬ 
drogenation  of  some  of  the  unsaturated  de¬ 
pilatory  compounds,  by  saturating  the  dou¬ 
ble  bonds,  eliminated  the  sulfhydryl  inhibi¬ 
tion  together  with  the  depilatory  action 
(143).  In  large  amounts,  in  vitro  vitamin  A 
and  its  esters  also  inactivated  sulfhydryl 
groups  to  a  lesser  extent  than  did  other  un¬ 
saturated  compounds  (145).  A  similar  reac¬ 
tion  has  been  postulated  to  explain  the 
process  of  dark  adaptation  (468). 

Human  sebum  also  had  a  depilatory  ef¬ 
fect  on  animals.  The  inhibition  of  hair 
growth  was  due  to  the  unsaturated  fractions 
(both  saponifiable  and  unsaponifiable)  of 
sebum.  Among  the  individual  unsaturated 
components  of  sebum,  oleic  and  linoleic 
acids  and  squalene  have  been  shown  to 
interfere  with  hair  formation  in  animals 
(141,  143,  144). 

3.  Substituted  Amino  Acids 

Leucenol  (leucenin,  mimosine),  an  ala¬ 
nine  attached  to  a  pyridine  nucleus  (2,  243), 
causes  hair  loss  in  human  beings  and  in  ani¬ 
mals  (251,  252).  The  compound  is  isolated 
from  the  seeds  of  an  acacia-like  shrub, 
Leucaena  gtaiica  (331).  The  mode  of  action  of 
this  toxic  substance  is  unknown.  It  is  con¬ 
ceivable  that  leucenol  interferes  with  kera- 
tinization  by  displacing  the  natural  amino 
acid  alanine  through  competitive  inhibition. 
In  this  respect  it  is  noteworthy  that  two 
other  substituted  alanine  derivatives  have  a 
dej)ilatory  effect  in  animals;  abrin  (methyl- 
tryptophane)  in  rabbits  (461,  348)  and  di- 
bromotyrosine  or  tetrabromotyronine  in 

young  rats  (167-69,  335,  336). 

4.  Folic  Acid  Antagonists  and  Nitrogen 
Mustards 

After  administration  of  aminoi)terin  (4- 
aminopteroylglutamic  acid)  and  Amin-An- 
Fol  (aminopteroylasi)artic  acid)  the  scalp 
hair  is  shed  in  a  large  number  of  patients. 
4'he  effect  is  always  temporary.  Apparently, 
the  follicular  cells  develop  resistance  to  this 
agent,  because  the  hair  loss  does  not  recur 
when  the  administration  of  the  drug  is  con¬ 


tinued  (190,  135).  Hair  loss  may  also  be 
elicited  in  mice;  loss  of  whiskers  occurs  in 
the  females  of  this  species.  It  has  been 
postulated  that  the  depilatory  effect  was  due 
to  inhibition  of  ribonucleic  acid  synthesis 
(135). 

Temporary  alopecia  has  been  observed 
after  intra-arterial  injection  of  nitrogen 
mustard  in  the  follicles  supplied  by  the  in¬ 
jected  artery  (424).  This  is  another  example 
of  the  ‘Tadiomimetic”  effect  of  this  drug. 
Because  of  the  great  affinity  of  nitrogen 
mustard  for  a  large  number  of  reactive 
groups  in  the  protein  molecule,  it  is  difficult 
to  speculate  about  the  mode  of  action  of 
these  compounds.  However,  it  is  interesting 
to  note  that  both  the  folic  acid  antagonists 
and  nitrogen  mustard  are  antineoplastic 
agents.  Interference  with  cellular  prolifera¬ 
tion  may  be  caused  by  these  agents  in  the 
rapidly  dividing  cells  of  the  hair  follicles. 

5.  Heparin  and  Ileparinoids 

One  to  four  months  after  intensive  ther¬ 
apy  with  heparin,  the  scalp  hair  falls  out  in 
over  half  the  patients  treated.  Hair  loss  is 
most  pronounced  on  the  temples  and  in  the 
frontal  region;  the  alopecia  is  reversible. 
Similar  observations  have  been  made  after 
the  use  of  related  anticoagulants,  like  Liqua- 
min  (294)  and  Thrombocid  (285,  286). 
The  mode  of  action  of  these  compounds  is 
unknown;  the  hair  loss  may  be  due  to  inhibi¬ 
tion  of  mitosis  (332). 

C.  ALOPECIA  FROM  IONIZING  RADIATION 

Reversible  epilation  from  ionizing  radia¬ 
tion  affects  the  growing  hair  only.  The  influ¬ 
ence  of  the  hair  cycle  on  the  radiosensitivity 
of  the  hair  follicle  has  been  strikingly  illus¬ 
trated  in  an  ingenious  experiment  by 
Hricouroff  (181).  When  capillary  tubes  con¬ 
taining  radon  were  implanted  in  rabbits 
tongues,  reversible  epilation  occurred  on  the 
cheeks  of  the  animals.  When  the  radioactive 
material  was  introduced  in  May  or  June, 
depilation  took  place  6  months  later;  inser¬ 
tion  of  the  tubes  in  April  resulted  in  hair  loss 
within  3  weeks.  According  to  Gneouroff,  the 
explanation  of  this  phenomenon  was  that 
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adult  rabbits  often  have  two  yearly  mollings 
—one  in  April,  the  other  in  November  or 
December.  The  radiation  attacked  the  hair 
follicles  in  their  growing  stages  but  did  not 
affect  the  fully  grown  hair  (181).  In  mice  the 
actively  growing  hair  could  be  epilated  with 
low  doses  (300  r)  of  X-rays,  while  hair 
which  was  in  the  process  of  completing  or 
had  completed  its  growth  (catagen  or  telo- 
gen  stage)  could  be  epilated  with  high  doses 
(1,000  r)  only.  On  the  other  hand,  the  skin 
of  the  mouse  is  less  extensively  damaged  by 


According  to  Geary,  permanent  X-ray 
epilation  differs  from  temporary  epilation 
mainly  in  the  fact  that  in  j)ermanent  epila¬ 
tion  the  higher  doses  of  ionizing  radiation 
injure  the  more  resistant  dermal  papilla. 
Temporary  epilation  damages  the  more 
radiosensitive  (epithelial)  elements  only, 
without  permanently  damaging  the  dermal 
papilla.  Both  the  dermal  and  the  follicular- 
epithelial  elements  are  essential  for  the  in¬ 
tegrity  and  proper  functioning  of  the  hair 
follicle.  In  fact,  the  dermal  j)apilla  deter- 


Fig.  12.  Normal  hair  ljull)  and  iiapilla.  (Courtesy  Dr.  Albert  M.  Kligman.)  X-t20 


X-rays  or  by  methylcholanthrene  when  the 
follicles  are  in  the  anagen  stage  than  in  the 
telogen  phase  (76). 

The  most  detailed  study  of  this  question 
has  been  carried  out  by  Geary  in  albino  rats 
(165).  In  this  species  the  median  effective 
dose  of  radiation  which  i)roduced  comjtlete 
local  epilation  in  half  the  animals  exposed 
was  found  to  be  1,720-50  r  during  the 
resting  phase.  Maximum  radiosensitivity 
(hair  loss  after  application  of  1,030  r)  oc¬ 
curred  during  the  active  phase  of  the  hair 
cycle.  Regrowth  of  hair  was  more  rapid  when 
the  irradiation  was  carried  out  during  the 
resting  phase  than  when  the  exposure  took 
place  during  the  active  stage. 


mines  the  type  of  keratinous  structure  that 
the  follicle  is  going  to  jiroduce.  This  guiding 
influence  of  the  dermis  is  one  of  the  most 
fascinating  and  far-reaching  concepts  in 
skin  physiology,  well  substantiated  both  in 
birds  and  in  mammals.'^  Its  imiilications  for 
skin  grafting  and  for  studies  of  epidermal 
and  hair  growth  have  not  yet  been  fully 
realized  and  inv'estigated. 

A  detailed  study  of  the  histological 
c  langes  brought  about  Ijy  ionizing  radiation 
in  liuman  follicles  has  been  made  by  Klig¬ 
man  (244).  His  material  is  illustrateil  hi 
I'lgures  2-15.  These  clianges  take  place 
iiriiicipally  the  rapidly  dividing  matrix 

7.  I'or  perlinciil  liiorauire  see  Geary  (16.5). 
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cells.  The  normal  growth  pattern  of  the  hair 
is  interrupted,  and  the  hair  enters  a  resting 
stage  through  a  series  of  changes  which  are 
not  unlike  those  which  occur  during  the 
formation  of  club  hairs  in  a  normal  hair  cy¬ 
cle.  Following  radiation,  the  cyclic  changes 
are  greatly  accelerated.  Within  a  few  days 
after  irradiation,  the  cells  of  the  lowermost 


portion  of  the  matrix  degenerate,  a  process 
which  partially  frees  the  ])apilla.  The  inter¬ 
nal  root  sheath  produced  by  this  particular 
portion  of  the  matrix  can  no  longer  be 
formed.  The  matrix  cells  over  the  upper  por¬ 
tion  of  the  papilla,  which  normally  form  the 
hair  cortex,  undergo  a  partial  degeneration. 
These  cells  no  longer  show  the  orderly  and 


F,c  .^.-Thinning  and  .legeneration  of  l.ar  Oll^;  n“end,ore“l“  [ct! 
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gradual  conversion  into  keratin  through  the 
keratogenous  zone,  but,  instead,  keratin 
production  is  abruptly  inhibited.  The  sur¬ 
viving  matrix  cells  no  longer  differentiate 
into  keratin  but  proliferate  to  form  an  epi¬ 
thelial  column,  which  gradually  j)ushes  the 


arrested  hair  ui)war(l  through  the  follicle. 

Hairs  arrested  by  radiation  exhibit  an 
attenuated  tip.  This  pointed  tij)  and  a  con¬ 
striction  of  the  hair  shaft  are  clear  indica¬ 
tions  of  a  gradual  cessation  of  normal  hair 
formation.  These  features  were  observed  as 


cons, ncfon  (,  days  after  4,11,  r  of  Xdrradiation.  N^maZ  ”10^  7  "■  '» 

and  sl,a,,c  of  matrix  cells;  lack  of  dilTcrentiation  into  cZ7eri7e  "  '“*'7'"*  *''''W“'ities  in  size 

men,  membrane,  with  foldin«and  bucklinc  Icadine  '"‘'*“1  Ihickening  of  base- 

tesy  Dr.  Albert  M.  Kligman.)  X 580.  ’  ^  ^  die  external  sheath.  (Cour- 
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early  as  1906  (481).  The  affected  hairs  are 
attached  to  the  epithelial  column  by  im¬ 
perfectly  keratinized  spindles.  Such  hairs, 
unlike  club  hairs,  fall  out  very  easily.  The 
j)apilla  for  the  most  part  is  no  longer  inclosed 
by  the  hair  matri.x  cells  and  lies  below  the 
epithelial  column.  This  epithelial  column, 
composed  of  dedifferentiated  epithelial  cells, 
is  in  all  respects  similar  to  the  column  seen 
in  normal  club  formation,  except  that  it  is 
longer.  New  hair  formation  also  occurs  in 


of  other  regions.  This  greater  susceptibility 
of  scalp  hair  was  noted  also  in  its  responsive¬ 
ness  to  thallium,  excess  vitamin  A,  chloro- 
prene  dimers,  and  heparinoids.  A  satisfac¬ 
tory  e.xplanation  for  this  regional  difference 
has  not  been  given  in  either  case. 

While  the  histological  findings  point  with 
certainty  to  a  temjiorary  interference  with 
normal  keratinization,  the  exact  nature  of 
this  inhibition  is  unknown.  It  may  be  simi¬ 
lar  to  the  metabolic  disturbance  caused  by 


-IG  1  S  -\vulsed  human  hair,  3  weeks  after  300  r  X-irradialion.  Gradual  attenuation  of  hair  root,  indi- 

nf  h.air  hull),  .\hsence  of  root  sheaths.  (Courtesy  Dr. 


eating  ])rogressive  extinction  of  keratinizing  activity 
Albert  IVI.  Kligman.)  X30. 

the  same  way  as  in  the  normal  cycle,  hollow¬ 
ing  the  application  of  a  temporary  epilating 
dose  of  350-1,000  r  to  the  scalp,  hair  forma¬ 
tion  is  arrested  for  2— 2§  months.  Tssen- 
tially.  X-rays  act  like  an  antikeratinizing 
agent.  Similar  histologic  changes  have  also 
been  described  in  casualties  of  atomic  bombs 
(268). 

As  in  animals,  in  man  the  actively  growing 
hair  ajipears  to  be  more  sensitive  to  X-rays. 
After  a  dose  of  X-rays  which  causes  tem¬ 
porary  ejiilation,  the  club  hairs  are  not  af¬ 
fected  but  remain  after  the  anagen  hairs 

have  fallen  out  (458).  ^ 

Scalj)  hair  is  more  sensitive  to  the  epilat¬ 
ing  effect  of  ionizing  radiation  than  is  hair 


thallium,  because,  according  to  some  ob¬ 
servers,  there  is  a  summation  effect  between 
the  depilatory  actions  of  thallium  and  X- 
rays  (8),  although  this  point  is  controversial 

(444). 

The  most  probable  mechanism  by  which 
X-rays  affect  hair  growth  is  by  inactivation 
of  sulfhydryl  compounds  in  the  matrix  of 
the  follicles.  It  is  known  that  ionizing  radia¬ 
tions  accomplish  such  effects  by  decompos¬ 
ing  water  into  electrically  charged  ions. 
These  ions,  in  turn,  oxidize  the  free  sulfhy¬ 
dryl  groups  of  proteins  and  inhibit  many  of 
the  enzymes  which  require  the  presence  of 
free  sulfhydryl  groups  for  their  activity.  A 
sufficient  amount  of  tissue  oxygen  is  neede 


639 


Hair  Growth 


for  this  inactivation;  this  is  the  reason  why 
anoxic  animals  are  relatively  radio-resistant 
(24,  338).  A  similar  resistance  of  anoxic 
human  hair  follicles  was  noted  as  early  as 
1909  by  Schwarz  in  a  simple  exi)eriment 
(389).  Two  wooden  blocks  were  placed  on 
the  scalp,  one  loosely,  the  other  under  pres¬ 
sure.  Both  areas  were  then  exposed  to  the 
same  amount  of  radiation  passing  through 
the  blocks.  While  the  area  which  had  its 
iiormal  blood  and  oxygen  supply  underwent 
temporary  depilation,  the  hairs  in  the  com¬ 
pressed  region  were  not  affected.  The  {)ro- 
tective  effect  of  local  anoxia  against  the 
depilatory  effect  of  X-rays  has  also  been 
demonstrated  in  mice  (244). 

The  theory  that  X-rays  cause  reversible 
epilation  by  inactivating  the  free  sulfhydryl 
groups  of  follicular  proteins  received  strong 
e.xperimental  support  from  Forssberg’s  stud¬ 
ies  on  guinea  pigs.  Reversible  depilation  in 
this  species  could  be  j)revented  if,  immedi¬ 
ately  prior  to  the  irradiation,  cysteine  was 
injected  intracutaneously.  The  protective 
effect  of  cysteine  was  restricted  to  the  in¬ 
jected  site.  Control  areas  injected  with 
saline  lost  their  hair  (155). 

These  findings  indicate  that  radiation 
damage  to  the  hair  matrix  may  be  caused 
not  only  by  direct  absorption  of  the  rays  in 
the  hair  follicle  and  papilla  but  also  by  the 
indirect  effect  of  a  diffusible  substance 
formed  in  the  irradiated  tissues.  The  forma¬ 
tion  of  such  a  substance  after  irradiation 
was  demonstrated  by  Van  Dyke  and  Huff. 
W  hen  two  rats  were  parabiotically  united 
and  one  of  them  was  irradiated,  while  the 
other  was  shielded,  both  animals  lost  their 
hair.  Indeed,  the  hair  loss  was  more  marked, 
though  of  shorter  duration,  in  the  protected 
animal  than  in  its  exposed  mate  (459). 

Incidental  observations  of  various  types 
of  hair  loss  were  made  on  victims  of  atomic 
bomb  e.xplosions  (269,  268)  and  after  severe 
exposure  in  an  atomic  accident  (209). 

I).  POSTINFECTIOUS  ALOPECIAS 

Reversible  diffuse  hair  loss  may  occur 
after  infectious  diseases,  provided  that  the 
disease  was  accompanied  by  fever.  The  con¬ 


dition  is  not  specific  for  any  jiarticular  dis¬ 
ease.  It  may  follow  a  number  of  unrelated 
diseases,  such  as  erysipelas,  pneumonia, 
tyjihoid,  and  influenza,  to  mention  only  a 
few  (375).  Postinfluenzal  alopecia  may  reach 
epidemic  proportions,  as  it  did  in  the  1918 
e])idemic. 

The  hair  loss  is  most  pronounced  in  the 
anterior  and  parietal  regions  of  the  scalp; 
the  temples  may  also  be  involved.  It  may 
reach  extreme  proportions.  The  time  at 
which  maximum  hair  loss  occurs  is  some¬ 
what  controversial.  Sabouraud  stated  that, 
on  the  av^erage,  2|  months  (60-85  days) 
were  necessary  for  the  dead  hair  to  fall  out. 
Hence  one  could  easily  ascertain  the  date  at 
which  the  febrile  attack  occurred  by  count¬ 
ing  back  about  10  weeks  from  the  onset  of 
the  alopecia  (375).  Some  authors  believe 
that  the  latent  period  can  be  much  shorter 
than  10  weeks  (206,  501,  304,  266,  267); 
there  is  almost  universal  agreement,  how¬ 
ever,  that  an  8-12  weeks’  latent  period  is 
most  common  (435).  However,  Sabouraud’s 
contention  that  10  weeks  were  needed  for  a 
club  hair  to  fall  out  was  fallacious.  In  the 
absence  of  histologic  studies,  we  can  only 
surmise  the  sequence  of  pathologic  events. 
Direct  microscojiic  evidence  of  the  avulsed 
hairs  is  available,  the  most  thorough  and 
painstaking  studies  having  been  made  by 
F.  Pinkus  (348).  From  these  observ^ations 
the  following  conclusions  may  be  drawn. 

The  disease  process  interferes  with  the 
formation  of  normal  hair;  however,  in  the 
same  way  as  after  X-ray  epilation,  hair 
growth,  though  in  an  impaired  form,  con¬ 
tinues  for  some  time.  Thinning  of  the  hair 
root  is  a  common  feature  (501,  266,  348). 
Normal  club  formation  is  apparently  miss- 
ing.  The  thinned  and  weakened  hair  is  even¬ 
tually  pushed  out  from  the  hair  follicle,  but 
the  resting  time  of  such  a  weakened  hair  is 
probably  different  from  the  length  of  a  rest¬ 
ing  stage  during  a  normal  hair  cycle. 

The  weakening  of  the  hair  in  iiostinfluen- 
zal  alopecia  has  also  been  ascertained  with 
physical  measurements  (280). 

After  infectious  diseases,  the  following 
additional  microscojiic  changes  occur  regu- 
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larly  in  the  hair:  (1)  true  thinning  of  the  hair 
without  actual  hair  loss,  which  is  most  pro¬ 
nounced  in  the  fully  grown  hair;  (2)  lighter 
color  of  the  hair  shaft,  due  to  a  temporary 
arrest  of  pigment  formation  and  probable 
accumulation  of  air  in  the  medulla;  and  (3) 
in  medullated  hairs,  discontinuity  of  the 
medulla.  All  these  signs  are  pathognomic  of 
past  diseases  (348). 

Whatever  the  underlying  cause,  hair  loss 
after  infections  has  almost  always  a  favor¬ 
able  prognosis.  Regrowth  of  hair  starts  soon 
after  the  onset  of  the  alopecia,  although  it 
may  take  a  long  time  before  the  hair  reaches 
its  former  length  and  density.  Exceptions, 
with  scanty,  poor  regrowth,  were  seen 
mainly  after  typhoid  fever. 

Following  a  latency  period  of  about  90 
days,  temporary  alopecia  may  occur  after 
apparently  normal  deliveries.  The  course  of 
the  alopecia  is  like  that  of  the  postinfectious 
type,  and  the  underlying  mechanism  may 
be  similar. 


E.  POSSIBLE  HORMONAL  FACTORS 
IN  ALOPECIA  AREATA 

Alopecia  areata,  a  disease  of  unknown 
origin,  occurs  in  otherwise  healthy  persons 
with  no  demonstrable  endocrine  disorders. 
It  seems,  however,  that  its  onset  and  course 
may  be  influenced  by  hormonal  factors 
(469).  Long  before  the  advent  of  ACTH  and 
cortisone,  it  was  reported  that  administra¬ 
tion  of  anterior  pituitary  extracts  or  im¬ 
plantation  of  the  pituitary  gland  had  a 
temporary  curative  effect  in  alopecia  areata, 
alopecia  totalis,  and  alopecia  universalis 
(33,  437,  97).  Recently,  cortisone  and 
ACTH  have  been  shown  to  be  effective  in 
restoring  the  growth  of  hair  in  this  disease 
(113,  114,  483).  The  beneficial  effect  may  be 
based  on  restoration  of  a  normal  process  of 
keratin  formation  in  all  keratinizing  ap¬ 
pendages,  because  concomitant  disturbances 
of  nail  production  are  also  improved.  The 
effect  is  not  permanent.  The  alopecia  recurs 
if  treatment  is  discontinued,  unless  there  is  a 
spontaneous  remission  of  the  disease. 


IX.  PATHOPHYSIOLOGY  OF  ESSENTIAL  (BENIGN,  IDIOPATHIC) 

HYPERTRICHOSIS  IN  WOMEN 


The  great  majority  of  women  afflicted  with 
superfluous  hair  growth  have  no  demon¬ 
strable  hormonal  dysfunction.  Therefore, 
this  type  of  hypertrichosis  has  been  called 
“idiopathic,”  “essential,”  or  “benign.”  At¬ 
tempts  to  demonstrate  consistent  changes 
in  the  androgen-estrogen  metabolism  in 
such  cases  have  failed.  In  women  with  facial 
hypertrichosis  who  had  hair  growth  on  the 
linea  alba,  Pedersen  found  high  average 
values  of  urinary  17-ketosteroids;  his  values 
on  normal  and  hairy  women,  however,  show 
considerable  overlap  (341,  342).  Moreover, 
his  data  could  not  be  confirmed  (340).  The 
alleged  increase  in  the  urinary  androgen/es¬ 
trogen  ratio  of  hypertrichotic  women  is  also 
debatable  because  of  the  overlap  of  normal 
and  pathological  values  (172).  At  present 
there  is  general  agreement  that  urinary  17- 
ketosteroid  values  are  normal  or  subnormal 
in  women  with  essential  hypertrichosis  (38, 

Nevertheless,  the  failure  to  find  con¬ 


sistent  hormonal  abnormalities  in  “idio¬ 
pathic”  hypertrichosis  may  well  be  due  to 
insufficient  refinement  of  the  technics  avail¬ 
able  for  the  study  of  adrenal  cortical  func¬ 
tion.  When  the  excretion  of  17-ketosteroids 
in  normal  and  hypertrichotic  women  was 
followed  over  longer  periods,  it  was  found 
that  under  normal  conditions  the  excretion 
was  the  same  in  both  groups.  Under  condi¬ 
tions  of  stress  (operation,  infection,  etc.)  the 
values  for  both  groups  rose.  However,  the 
rise  in  hypertrichotic  women  was  much 
greater,  resulting  in  values  which  were  high 
even  for  males  (154).  Of  even  greater  im- 
j)ortance  is  Koets’s  finding  that  in  idio¬ 
pathic  hypertrichosis  there  is  a  rhythmic  in¬ 
crease  in  the  excretion  of  17-ketosteroids 
with  every  ovulation;  in  normal  women 
the  17-ketosteroid  level  remains  constant 
throughout  the  menstrual  cycle  (249).  Phis 
observation  has  been  confirmed  and  ex¬ 
tended  by  Merivale  (293).  He  pointed  out 
that  the  cyclic  fluctuations  in  17-ketosteroid 
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excretion  in  benign  hypertrichosis  were  re¬ 
lated  to  the  peaks  of  pregnanediol  excretion 
during  the  luteal  phase  of  the  cycle.  No 
cyclic  fluctuation  occurred  when  there  was 
no  peak  in  the  pregnanediol  excretion.  No 
evidence  of  an  increased  suprarenal  activity 
with  respect  to  other  steroids  could  be  dem¬ 
onstrated.  These  findings  may  indicate  the 
possibility  of  an  abnormal  progesterone 
metabolism,  with  an  exaggerated  conversion 
of  progesterone  to  17-ketosteroids.  The  ex¬ 
istence  of  this  hypothetical  pathway  still 
lacks  definite  proof.  Abnormal  progesterone 
metabolism  has  also  been  postulated  by 
Greene  (180). 


The  absence  of  an  increased  adrenal  func¬ 
tion  in  idiopathic  hypertrichosis  was  indi¬ 
cated  by  the  finding  that,  while  cortisone 
reduced  the  excretion  of  17-ketosteroids  and 
frequently  lessened  the  extent  of  hirsutism 
in  congenital  adrenal  hyperplasia  (478-80), 
no  such  effect  was  noted  in  essential  hyper¬ 
trichosis  (37). 

It  is  obvious  that  the  problem  of  essential 
hypertrichosis  requires  a  great  deal  of  fur¬ 
ther  study.  It  is  often  a  familial  condition, 
and,  therefore,  there  may  be  a  significant 
genetic  factor.  In  addition,  virilizing  factors 
of  different  origin  may  operate  in  different 
cases. 


X.  EXCRETORY  FUNCTION  OF  HAIR 


Hair  provides  a  unique  medium  for 
studies  of  excretion.  The  long  life-span,  the 
coherent  hard  keratinous  structure  of  hair, 
and  the  absence  of  metabolic  turnover  in  the 
hair  shaft  permit  most  incorporated  in¬ 
organic  materials  to  be  retained  for  longer 
periods  of  time  than  in  most  other  tissues  or 
secretions  of  the  body. 

Because  of  the  great  reactivity  of  heavy 
metals  with  sulfhydryl  groups  of  follicular 
proteins,  these  elements  have  a  special  af¬ 
finity  for  hair.  They  may  combine  with  the 
sulfhydryl  groups  of  the  proteins  of  the 
matrix  cells,  as  in  the  case  of  selenium,  cop¬ 
per,  or  arsenic.  In  this  way  the  heavy  metals 
become  incorporated  in  the  keratin  mole¬ 
cule.  From  a  teleological  point  of  view,  this 
combination  may  be  regarded  as  a  means  of 
detoxification,  as  the  intactness  of  the  sulf¬ 
hydryl  groups  of  the  hair  follicles  is  not 
essential  for  the  well-being  of  the  organism. 
\\  hen,  in  cases  of  severe  poisoning,  the  fol¬ 
licle  is  confronted  with  an  excess  of  heavy 
metals,  the  formation  of  organized  keratin 
may  break  down,  and  hair  loss  may  result 
(p.  632). 

The  mode  of  chemical  attachment  of 
other  elements,  such  as  magnesium,  calcium, 
or  silicon,  is  not  understood.  With  these 
ubiquitous  substances,  the  possibility  of  e.x- 
traneous  contamination  is  always  i)resent. 
Because  of  the  difficulty  of  comjiletely  re¬ 
moving  dust  from  the  surface  of  the  hair. 


there  is  always  doubt  as  to  whether  or  not  in 
some  determinations  extraneous  material 
has  been  included  in  the  reported  values. 
Such  external  contamination  may  also  ac¬ 
count  for  some  of  the  large  individual  varia¬ 
tions  in  the  results  obtained  (Table  9). 

A.  ARSENIC 

From  the  medicolegal  point  of  view,  the 
excretion  of  arsenic  in  the  hair  is  of  para¬ 
mount  importance  in  the  diagnosis  of  arseni¬ 
cal  poisoning.  Keratin  has  a  special  affinity 
for  arsenic;  it  takes  up  more  arsenic,  weight 
for  weight,  than  other  tissues  do  (399).  Hair 
is  one  of  the  main  channels  for  the  excretion 
of  arsenic;  only  liver  approximates  hair  in  its 
arsenic  content,  provided  that  death  oc¬ 
curs  within  the  first  few  days  after  poison- 
ing.  In  poisoned  dogs,  hair  contained  six  to 
eight  times  as  much  arsenic  as  did  the  liver 
(6). 

The  main  difficulty  in  establishing  wheth¬ 
er  or  not  poisoning  has  taken  place  lies  in  the 
fact  that  keratin  may  combine  with  arsenic 
from  external  ’  as  well  as  from  ^finternal” 
sources  (110),  and  there  is  no  chemical  meth¬ 
od  available  which  would  enable  us  to  dis- 
tinguish  between  these  tvv'o  types  of  arsenic 
(496).  The  hair  may  take  up  arsenic  from 
dust  (429)  or  from  other  environmental 
sources  (399).  When  hair  is  soaked  in  a  solu¬ 
tion  containing  arsenic,  within  3  days  the 
concentration  of  arsenic  in  the  hair  becomes 
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TABLE  9 

Inorganic  Constituents  of  Human  Hair 
Expressed  in  Mg/Kg  Hair* 


Element 


Amounts 


Refer¬ 

ence 


Copper 


28.8-108.0 
18-44 

31.2-128 
21.7-51.5 
4  3-6.2  (white  hair) 
7. 0-8. 9  (l)lack  hair) 

7.2-12.5 


17 

261 

174 

123 

495 

495 

495 


Iron 


126.0-170.0 

0.84-11 

9.2-49.5  (av.  27.1) 

(black  hair) 

22.1- 28.7  (av.  24.3) 

(blond  hair) 
1 7 . 9-44 . 0  (gray  and  white 
hair) 

67.1- 132  (av.  97.8)  (red 

hair) 


17 

174 

123 

123 

123 

123 


Zinc 


116.0-420.0 

64-562 

9 

<  255  (84-444)  (scalp  hair) 
149  (beard) 

1 197  (pubic  hair) 

[145.1 


17 

174 

367 

126 

126 

126 

303 


Manganese  . 


25-46 

12-16 

0.00001  or  less 


17 

289 

174 


.\luminum. . 
Magnesium . 


Lead 


Nickel . 
Cobalt. 

Silicon . 


f  26-36 
•(Less  than  1 
[  0 . 00()02  or  less 
10-101 
r  21-284.0 
20.8-180 
I  30.6 
-  17 

52-62  (adults) 
29-66  (children) 
56  (infants) 
5.4-8. 2 

14.2-18. 1 
r 150. 4-1 88.0 
\300-3,f)00 


17 

288 

174 

174 

17 
19 

18 
254 
431 
431 
431 

17 

17 

17 

174 


Calcium .  .  . . 


Boron . 

Titanium .  . 
Strontium. 

Silver . 

Uranium.  . 

Bromine. 

Chromium. 


(700  4,900 
188.0-267.2 
260-740  (children) 
320  1 ,570  (adults) 
2__8 

0.032-0.064 
0.(KM)022- 0.091 
/None 

\0. 0048  0.045 
0.000127 
0.002-0.007 
2 


*  p'or  older  data  in  the  literature  consult 
Schaaf  (370). 


174 

17 

222 

222 

174 

174 

174 

17 

174 

215 

463 

188 
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seven  times  that  of  the  solution;  nails  take 
uj)  even  more  of  the  element  (399).  The  ar¬ 
senic  uptake  from  such  a  solution  may  last 
for  several  weeks  (496).  When,  simultane¬ 
ously  with  the  arsenic  of  external  origin, 
there  is  arsenic  of  internal  origin  in  the  hair, 
it  is  impossible  to  remove  all  the  “external” 
arsenic  without  extracting  considerable 
amounts  of  the  “internal”  arsenic  as  well. 
For  this  reason,  methods  of  cleansing  hair 
after  poisoning  with  arsenic  prior  to  chem¬ 
ical  determination  are  controversial  (399, 
496).  Thus  washing  for  15  days  in  water  re¬ 
moves  only  40  per  cent  of  arsenic  absorbed 
after  death  (399).  According  to  some  au¬ 
thors,  the  only  jiermissible  method  consists 
of  soaking  the  hair  in  water  and  alcohol  for  a 
few  hours  (496). 

The  great  chemical  affinity  between 
arsenic  and  hair  accounts  for  its  uptake  by 
the  hair  from  the  outside  and  explains  the 
early  accumulation  in  large  quantities  of 
this  element  in  cases  of  systemic  poisoning. 
In  guinea  pigs,  arsenic  could  be  demon¬ 
strated  in  the  hair  2  days  after  poisoning 
(496).  In  man,  increased  amounts  of  arsenic 
may  be  present  in  the  hair  at  2  (496), 3  (153), 
or  5  days  from  the  time  of  poisoning  (6, 
110).  Young  and  Smith  recovered  as  much 
as  770  7  of  arsenic  per  100  gm.  in  the  ])roxi- 
mal  ])ortion  of  the  hair  as  early  as  30  hours 
after  excessive  intake  (497).  No  arsenic 
could  be  demonstrated  in  the  hair  6-8  hours 
after  poisoning  (6).  Considering  the  fact 
that  it  takes  several  days  before  the  newly 
formed  hair  emerges  above  the  skin  surface, 
the  early  appearance  of  arsenic  in  the  iiroxi- 
mal  part  of  the  hair  has  been  explained  by 
assuming  that  the  arsenic  excreted  in  the 
sweat  or  sebum  is  taken  up  by  the  jiroximal 
portion  of  the  hair  (496). 

T  he  real  increase  in  the  piliary  excretion 
of  arsenic  occurs  at  a  later  stage.  I  his  in¬ 
crease  is  due  to  the  incorjioration  of  arsenic 
by  the  growing  hair.  Hairs  on  different  parts 
of  the  body  may  excrete  arsenic  at  different 
rates;  in  the  beard  the  greatest  rise  m  the 
excretion  occurs  1-2  weeks  after  jtoisoning, 
on  seal])  hair,  after  2-4  weeks  (390).  Excre¬ 
tion  continues  for  a  long  time,  even  if  t  ie 
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intake  of  arsenic  is  discontinued,  hut  at  a 
slower  rate  (153).  The  e.xcretion  may  be 
temporarily  increased  by  administration  of 
sodium  thiosulfate  (6). 

This  gradual  increase  and  subsequent 
tapering-off  of  the  excretion  may  be  well 
demonstrated  by  cutting  the  hairs  into  seg¬ 
ments  of  equal  lengths  and  determining  the 
arsenic  content  simultaneously  in  each  por¬ 
tion  (462).  This  method  may  be  used  to  de¬ 
termine  the  approximate  date  of  the  poison¬ 
ing,  by  dividing  the  length  of  hair  where  the 
maximum  amount  of  arsenic  was  found  by 
the  growth  rate  of  the  hair.  This  method  is 
necessarily  crude,  because  of  the  different 
rates  of  growth  in  different  individuals 
(462);  moreover,  the  growth  rate  may  very 
well  be  influenced  by  the  poisoning  (184). 
Some  authors  claim  that  histochemical 
methods  are  better  suited  for  pinjiointing 
the  date  of  poisoning  than  direct  chemical 
methods.  In  such  studies  arsenic  has  been 
found  to  occur  mostly  in  the  outer  cortex 
and  cuticle  of  the  hair  (184).  Because  of  the 
long  growth  periods  of  scalp  hair,  arsenic 
may  be  demonstrable  many  years  after 
poisoning,  longer  than  in  any  other  organ 
(6,497). 

The  amounts  of  arsenic  in  the  hair  vary  a 
great  deal,  depending  on  the  severity  of  the 
poisoning,  the  time  elapsed  between  the 
poisoning  and  the  determination,  and  the 
length  and  type  of  hair  used  for  the  de¬ 
termination  (6,  496,  429,  497,  390,  391, 
494).  A  modern  method  for  the  determina¬ 
tion  of  arsenic  consists  of  making  the  arsenic 
radioactive  by  bombardment  with  neutrons 
and  determining  the  amount  by  comparing 
the  radioactivity  with  the  radioactivity  in¬ 
duced  in  normal  hair  (182,  183).  Because  of 
the  ever  [jresent  i)ossibility  of  contamination 
from  external  sources  (496,  471),  it  is  im- 
I)ossible  to  establish  any  absolute  figure  for 
normal  values.  A  fairly  satisfactory  figure 
has  been  jirojiosed  by  Young  and  Smith; 
these  authors  consider  the  arsenic  content  of 
hair  normal  when  it  is  below  100  7  per  loo 
gm.  (497).  Anything  above  this  figure 
should  make  one  susjiect  the  possibility  of 


B.  COPPER 

The  important  role  of  cojiper  in  pigment 
formation  and  keratinization  has  been  dis¬ 
cussed  in  other  chapters  (pp.  530  and  371). 
The  high  copper  content  of  the  wool  root 
(two  to  ten  times  higher  than  in  the  mature 
fiber)  is  related  to  the  essential  role  of  the 
metal  in  hair  formation  (128). 

Copper  from  external  sources  may  com¬ 
bine  chemically  with  the  keratin  of  hair. 
When  hair  is  immersed  in  a  solution  of  cop¬ 
per  salts,  it  may  take  up  as  much  as  12  per 
cent  metal  in  10  days.  Copper  from  such 
external  sources  combines  with  cystine.  In 
this  process  the  disulfide  bridges  are  broken, 
and  about  half  the  cystine  may  be  attacked 
within  10  days.  The  reaction  requires  the 
presence  of  water  and  oxygen.  X-ray  dif¬ 
fraction  studies  of  the  contaminated  hair  do 
not  reveal  any  crystalline  structure  in  the 
deposited  copper.  The  hair  which  has  taken 
up  copper  in  this  way  assumes  a  rusty  color. 
Within  a  few  weeks  this  color  turns  green, 
because  of  the  oxidation  of  the  cuprous 
compounds  to  cupric  compounds  within  the 
hair.  This  oxidation  is  accelerated  by  light 
and  humidity.  Similar  reactions  account  for 
the  green  color  of  the  hair  in  copper  workers 
(384). 

C.  IRON 

Under  experimental  conditions  iron  could 
be  absorbed  by  the  hair  of  rabbits  from 
solutions  of  its  salts  (68).  As  mentioned 
elsewhere  (p.  518),  iron  is  an  essential  com¬ 
ponent  of  the  pigment  of  human  red  hair, 
and  red  hair  contains  considerably  higher 
amounts  of  iron  than  does  hair  of  any  other 
color  (123). 


^  Zinc  is  always  jiresent  in  hair  in  relatively 
high  concentrations.  It  is  not  known  wheth- 
er  or  not  the  element  is  essential  in  the  proc¬ 
ess  of  hair  formation.  Certain  findings  are 
suggestive  of  such  a  role.  Thus  the  zinc 
content  of  black  dog  hair  was  fountl  to  be 
higher  than  that  of  any  other  organ  (.171) 
n  a  zinc-free  diet  the  growth  of  hair  is  im¬ 
paired  in  the  mouse  and  rat  (p.  62,1).  In  zinc 
poisoning  most  of  the  piliary  zinc  appeam  i) 
the  cuticle,  very  little  in  the  cortLx,  and 
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none  in  the  medulla  (392).  Zinc  is  also 
excreted  by  the  keratin  of  the  epidermis  and 
nails  (392,  126). 

E.  LEAD 

Lead  is  a  normal  constituent  of  human 
hair.  It  may  enter  the  hair  from  internal  as 
well  as  external  sources.  When  lead  acetate 
was  fed  to  guinea  pigs  for  10  weeks,  the  lead 
content  of  the  hair  rose  by  about  3  per  cent 
of  the  amount  of  lead  ingested.  The  hair  is 
believed  to  take  up  at  least  as  much,  if  not 
more,  lead  than  the  rest  of  the  body  does 
(254). 

Excessive  lead  intake  during  pregnancy 
raises  the  lead  content  in  the  hair  of  the  new¬ 
born  to  about  forty  times  the  normal  values. 
The  average  lead  content  of  the  hair  of  these 
infants  who  suffered  from  cerebral  symp¬ 
toms  of  lead  poisoning  (“serous  meningitis”) 
was  2.19  gm/kg;  the  normal  value  is  56 
mg/kg.  The  lead  content  in  the  hair  of  the 
mothers  rose  to  a  lesser  extent  (from  the 
normal  value  of  62  mg/kg  to  1.5  gm,  kg). 
Similar  selective  uptake  in  the  fetal  hair  has 
also  been  observed  in  the  goat  (431). 

In  workers  exposed  to  lead,  most  of  the 
metal  enters  the  hair  from  the  outside.  This 
external  lead  apparently  combines  chem¬ 
ically  with  the  keratin  of  the  hair,  because  it 
cannot  be  removed  even  by  prolonged  wash¬ 
ing  with  petroleum  ether  or  soap.  W  hen  hair 
is  immersed  in  a  solution  of  lead  acetate,  its 
lead  content  is  doubled  even  in  solutions  as 
dilute  as  1 : 1,000.  High  values  of  lead  in  the 
hair  of  lead  workers  are  an  index  of  the  pre¬ 
vailing  hygienic  conditions  and  are  not 
necessarily  indicative  of  poisoning  (254). 

Indian  authors  claimed  that  lead  played 
a  role  in  pigment  formation.  This  belief  was 
based  on  unusually  high  lead  values  in  the 
black  hair  of  Hindu  women  (17,  18).  Even¬ 
tually  these  findings  have  been  traced  to  the 
use  of  lead  dyes  or  combs  (19,  254).  Experi¬ 
mental  lead  i)oisoning  caused  loss  of  hair  in 
animals  (420,  53). 

F.  SELENIUM 

Selenium  is  deposited  in  the  hair  in  large 
amounts  after  poisoning.  Relatively  high 


values  have  been  rejiorted  to  occur  in  the 
hair  of  cats  (1—3  mg/kg)  and  of  rabbits 
after  poisoning.  The  increases  persisted  for 
6  weeks  after  poisoning.  On  a  dry- weight 
basis  the  concentration  of  selenium  in  the 
hair  was  higher  than  on  a  wet-weight  basis 
in  other  organs  (473). 

In  view  of  the  great  affinity  of  selenium 
for  sulfhydryl  compounds  and  cysteine,  it  is 
likely  that  selenium  enters  into  a  chemical 
combination  with  keratin  (307).  In  chronic 
selenium  poisoning  of  cattle  (alkali  disease), 
the  earliest  and  most  common  sign  is  loss  of 
hair  from  the  tails  and  manes  of  horses 
(hence  the  pojmlar  term  “bobtailed  dis¬ 
ease”)  (307),  from  the  switch  of  the  cow  and 
the  body  of  the  hog  (334).  Coarse  and  rough 
hair  has  been  observed  in  experimental  se¬ 
lenium  poisoning  of  dogs  (307).  The  curative 
effect  of  bromobenzene  in  selenium  poison¬ 
ing  (259,  260)  is  also  indirect  evidence  in 
favor  of  the  assumption  that  selenium  com¬ 
bines  with  keratin.  Bromobenzene,  excreted 
in  the  hair  of  cystine-deficient  animals  (see 
below),  is  believed  to  displace  selenium  from 
its  combination  with  cystine. 

Whether  or  not  a  combination  with  kera¬ 
tin  may  occur  from  externally  applied  se¬ 
lenium  as  well  has  not  been  investigated.  In 
this  respect,  the  use  by  Napoleon  of  seleni¬ 
um-containing  baths  in  the  treatment  of 
disorders  of  keratinization  among  his  troops 
is  of  interest  (430).  A  modern  form  of  sele¬ 
nium  therapy  is  the  treatment  of  seborrheic 
dermatitis  and  seborrhea  sicca  with  selenium 
disulfide  shampoo  (397,  398).  In  view  of  the 
great  affinity  of  selenium  for  keratinized 
structures,  the  advisability  of  using  selenium 
compounds  in  the  treatment  of  diseases  of 
the  seal})  must  be  questioned.  Even  when  a 
relatively  nonreactive  compound,  such  as 
selenium  disulfide  is  used,  the  liberation  of 
selenium  ions  cannot  be  e.xcluded  with  cer¬ 
tainty. 

G.  BROMOBENZENE 

When  administered  to  rats  on  a  normal 
diet,  bromobenzene,  a  sulfhydryl  inhibitor, 
ai)pears  in  the  hair  to  the  same  extent  as  m 
other  tissues.  The  piliary  concentrations. 
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however,  can  be  greatly  increased  over  those 
occurring  in  the  liver  or  muscle  by  i)lacing 
the  animal  on  a  diet  deficient  in  cystine.  It 
has  been  suggested  that  in  these  deficient 
animals  bromophenylcysteine,  the  addition 
product  of  cysteine  and  bromobenzene,  is 
incorporated  in  the  hair  in  an  attemi)t  to 
compensate  for  the  lack  of  available  cystine. 
These  experiments  may,  at  least  theoretical¬ 
ly,  open  the  way  for  the  development  of 
fungicidal  preparations  which  would  act 
while  being  excreted  with  the  growing  hair 
(405).  The  use  of  bromobenzene  for  the 


elimination  of  selenium  in  chronic  i)oisoning 
has  been  mentioned  above. 

H.  TRACE  ELEMENTS 

Nonphysiological  heavy  metals,  such  as 
gold  (67),  mercury  (421),  and  thallium  (16), 
have  been  demonstrated  in  hair  after  sys¬ 
temic  administration.  Fluorine  is  not  pres¬ 
ent  under  normal  conditions  but  may  be 
excreted  in  the  hair,  following  its  oral  ad¬ 
ministration  (406).  Antimony  and  bismuth 
do  not  occur  in  the  hair  under  normal  condi¬ 
tions  (17). 
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x/\.  IN'PRODUCTION 


Observations  of  nutritional  deficiencies 
jiroduced  e.xjierimentally  in  animals 
and  man  have  made  it  obvious  that  for  the 
maintenance  of  normal  functions  of  the 

1.  The  author  is  indebted  to  Dr.  Bernard  S. 
Schweigert  for  his  critical  reading  of  the  manuscniit 
of  this  chapter. 


tegument  a  diet  is  required  which  is  not  de¬ 
ficient  in  essential  nutritional  factors.  In 
many  of  the  e.xperimental  deficiencies,  se¬ 
vere  cutaneous  disorders  are  conspicuous 
and  early  signs  of  the  deficiency  syndrome. 
AVith  a  few  e.xceptions,  however,  these  cu¬ 
taneous  disorders  are  not  characteristic 
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enough  to  allow  us  to  draw  conclusions 
about  the  influence  of  single  factors  on  single 
})hysiological  functions.  Clinical  experience 
has  taught  that  resi)onses  of  the  skin  to 
widely  varying  stimuli  may  be  identical,  and 
specific  res])onses  cannot  always  be  ex- 

II.  GENERAL 

General  overeating  leads  to  alimentary 
obesity.  This  predisposes  to  intertrigo  der¬ 
matitis  of  many  sorts  secondary  to  heat  and 
moisture  accumulation  between  folds.  These 
conditions  favor  the  growth  of  potentially 
pathogenic  bacteria  and  fungi  in  these  areas. 
Excessive  stretching  of  the  skin  in  obesity  in 
predisposed  individuals  also  causes  striae 
distensae. 

Dissipation  of  body  heat  by  conduction 


jjected.  In  addition,  a  comjflicating  factor 
arises  from  the  interrelationship  of  nutri¬ 
tional  factors.  This  circumstance  may 
cause  withdrawal  of  a  single  factor  to 
lead  to  disturbances  in  the  utilization  of 
others. 

()\’ERE.\TING 

and  radiation  is  also  imi)aired  by  the  thick 
subcutaneous  adipose  layer  in  obese  indi¬ 
viduals,  and,  in  general,  they  become  easily 
overheated  (12).  As  a  consequence,  sweat¬ 
ing  tends  to  be  more  profuse. 

The  stimulating  effect  of  high  caloric  in¬ 
take,  especially  in  the  form  of  fats  and 
carbohydrates,  on  depot  fat  in  the  corium 
and  on  sebaceous-gland  activity  has  already 
been  discussed  (pp.  483  and  302). 


III.  GENERAL  UNDERNUTRITION 


In  general  undernourishment,  whether 
from  food  deprivation  or  in  association  with 
severe  gastrointestinal  diseases,  the  skin  be¬ 
comes  pale,  dry,  and  less  elastic.  In  addition, 
scaling,  disturbances  of  melanin  formation, 
hemorrhagic  tendencies,  and  increased  sus¬ 
ceptibility  to  many  kinds  of  irritations  and 
infections  may  become  manifest.  Nutri¬ 
tional  edema  and  dystrophic  changes  in  the 
nails  and  hair  may  also  develop.  In  general, 
a  complex  mosiac  of  the  cutaneous  mani¬ 


festations  that  will  be  discussed  under  the 
various  specific  deficiency  syndromes  usual¬ 
ly  occurs.  The  states  of  undernourishment, 
whether  general  or  si)ecific,  can  come  about 
through  several  mechanisms:  (1)  interfer¬ 
ence  with  intake,  (2)  interference  with  ab¬ 
sorption,  (3)  interference  with  utilization  or 
storage,  (4)  increased  requirements,  (5)  in¬ 
creased  excretion,  and  (6)  in  specific  under¬ 
nutrition  through  inhibition  by  “antisub¬ 
stances.” 


IV.  SPECIFIC  NUTRITIONAL 

The  nutritional  factors  involved  in  spe¬ 
cific  under-  and  overnutrition  and  their  as¬ 
sociated  cutaneous  disturbances  will  be 
considered  under  four  headings:  (1)  amino 
acids  and  proteins,  (2)  vitamins,  (3)  fatty 
acids,  and  (4)  minerals  and  trace  elements. 

A.  AMINO  ACIDS  AND  PROTEINS 

Deficiency  of  protein  or  essential  amino 
acid  intake  leads  to  a  negative  nitrogen 
balance,  which,  if  sufficiently  prolonged,  re¬ 
sults  m  a  droj)  in  jilasma  protein  concentra¬ 
tion  before  other  more  serious  manifesta¬ 
tions  become  evident.  This  decrease  in 
plasma  proteins,  if  of  sufficient  degree,  leads 


FACTORS  IN  MALNUTRITION 

to  a  generalized  edema  which  is  early  re¬ 
flected  in  the  skin.  The  decreased  concen¬ 
tration  of  plasma  protein  first  develops  in 
the  albumin  fraction.  As  it  is  this  fraction 
which  IS  primarily  responsible  for  maintain¬ 
ing  the  colloid  osmotic  pressure  of  the  blood 
when  it  falls  below  2.5  gm.  per  cent,  there  is 
no  longer  sufficient  colloid  osmotic  pressure 
within  the  blood  vessels  to  counterbalance 
he  passage  of  fluid  out  of  them  into  the 
tissues  from  blood  pressure  filtration,  and 
hence  edema develops  (p.  72).  Synonyms 
for  this  protein-deficiency  edema  are  “hun- 

a^d^^r^’”  edema,”  “prison  edema,” 
and  alimentary  dropsy.”  During  faminU 
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and  wars  such  protein-deficiency  edemas 
have  afflicted  large  masses  of  the  popula¬ 
tion.  Associated  with  protein-deficiency 
edema  there  is  a  striking  drop  in  resistance 
to  infections  of  many  sorts.  This  has  been 
related  to  inadequate  ability  to  form  anti¬ 
bodies  (28). 

Other  causes  of  negative  nitrogen  bal¬ 
ance,  besides  inadequate  dietary  intake  of 
essential  amino  acids,  can  lead  to  hypo- 
])roteinemic  edema.  Nephrosis,  severe  liver 
disease,  and  gastrointestinal  diseases  asso¬ 
ciated  with  faulty  absorption  of  food  ma¬ 
terials  are  some  common  examples  of  such 
other  causes. 

In  normal  adult  men,  only  eight  of  the 
amino  acids  have  been  shown  to  be  essential 
for  maintaining  positive  nitrogen  balance 
over  a  2-month  period  (183).  These  are 
tryptophane,  lysine,  phenylalanine,  leucine, 
isoleucine,  threonine,  methionine,  and  val¬ 
ine.  Tissue  requirements  for  other  amino 
acids  can  apparently  be  met  by  metabolic 
synthesis.  The  deficiency  of  any  one  of  the 
essential  amino  acids  alone  can  prevent  pro¬ 
tein  synthesis  (71). 

Cutaneous  effects  of  amino  acid  deficien¬ 
cies,  aside  from  protein-deficiency  edema, 
are  difficult  to  find  and  prove.  However, 
rats  on  such  deficient  diets  show  thinning  of 
the  epidermis,  are  prone  to  develop  skin  in¬ 
fections,  and  lose  hair.  The  latter  in  part 
might  be  the  result  of  hair-eating,  because 
trichobezoars  are  not  infrequently  found  in 
the  stomachs  of  such  animals.  Methionine- 
and  cystine-deficient  rats  show  definitely 
inhibited  hair  growth  and  faulty  hair  struc¬ 
ture  (207,  94).  Tryptophane-deficient  rats 
also  show  hair  loss  ])rominently  (2). 

The  possible  role  of  phenylalanine  de¬ 
ficiency  in  preventing  normal  melanin  for¬ 
mation  was  considered  on  page  542,  as  was 
the  suggestion  that  individuals  suffering 
from  i)henylpyruvic  oligophrenia  show  de¬ 
ficient  melanin  formation  because  of  their 
inability  to  synthesize  tyrosine  from  phen¬ 
ylalanine.  It  has  also  been  consjucuously 
noted  that  these  individuals  with  phenyl¬ 
ketonuria  are  particularly  prone  to  develop 
“eczematous”  skin  lesions  (108),  whic 


again  might  possibly  be  linked  with  tyrosine 
deficiency. 

In  animals,  the  finding  that  a  deficiency 
of  sulfur-containing  amino  acids  leads  to 
defective  hair  growth  and  appearance  is  to 
be  expected,  in  view  of  the  important  role 
of  the  sulfur-containing  amino  acids  in 
keratin  formation.  It  is,  however,  conspicu¬ 
ous  that  in  cystinuria  (3),  where  large 
amounts  of  cystine  are  excreted  and  lost  via 
the  urine,  no  disturbance  of  keratinization 
has  been  noted.  On  the  other  hand,  indi¬ 
viduals  with  this  metabolic  defect  can 
utilize  cystine,  because  dietary  administra¬ 
tion  of  cystine  does  not  increase  cystine  loss 
in  the  urine.  Faulty  methionine  metabolism 
is  probably  the  source  of  the  urinary  cystine 
in  this  disease. 

Recently  a  curious  phenomenon  has  been 
observed  in  studies  on  the  toxicity  of  va¬ 
nadium  in  rats.  It  has  been  found  that  the 
toxicity  syndrome  induced  by  this  element 
is  characterized  early  by  defective  hair 
growth  and  appearance,  which  exactly  du¬ 
plicates  that  noted  in  methionine  or  cystine 
deficiency.^  It  has  been  postulated  that  va¬ 
nadium  interferes  with  the  conversion  of 
methionine  to  cystine.  If  this  postulate  is 
true,  vanadium  might  be  useful  therapeu¬ 
tically  in  cystinuria.  These  new  observations 
also  suggest  that  normal  hair  formation  re¬ 
quires  conversion  of  methionine  into  cystine, 
a  postulate  mentioned  on  page  368  in  connec¬ 
tion  with  the  nature  of  keratinization. 

In  alkaptonuria  (171),  another  disease 
involving  defective  amino  acid  metabolism, 
one  j)athway  of  tyrosine  metabolism  is 
blocked  near  its  end,  so  that  homogentisic 
acid  cannot  be  converted  to  acetoacetic 
acid.  Homogentisic  acid  therefore  accumu¬ 
lates  and  is  excreted  in  the  urine,  where  it 
turns  to  a  black  })igment  on  oxidation.  A 
similar  pigment  becomes  deposited  in  vari¬ 
ous  tissues  of  some  such  individuals  who 
develop  ochronosis.  This  ])igment  is  de¬ 
posited  in  the  form  of  loose  clumps  in  the 


2.  John  T.  Mountain,  Laryl  Lee  Delker,  and 
.  E.  Stokinger,  Studies  in  vanadium 
rch.  Indust.  Hyg.  &  Occupational  Med.,  8:4()f)-n, 
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corium  of  the  skin  and  in  cartilages  and 
tendons. 

Alkaptonuria  has  been  produced  in  j>re- 
mature  infants  (136)  and  guinea  pigs  (195) 
by  simultaneous  vitamin  C  deficiency  and 
tyrosine  or  phenylalanine  feeding.  Supple¬ 
mentation  of  the  diet  with  folic  acid  corrects 
this  abnormality  (162),  indicating  an  inter¬ 
relationship  of  vitamin  C  and  folic  acid  in 
metabolism. 

B.  VITAMINS 
1.  B-F actors 

Studies  on  the  mixture  of  water-soluble 
vitamin  factors  in  liver  and  yeast  constitute 
one  of  the  most  intricate  and  e.xciting  chap¬ 
ters  in  the  field  of  nutrition.  Not  only  have 
there  been  described  many  specific  defi¬ 
ciency  syndromes  which  often  involve  cu¬ 
taneous  disturbances,  but  also  the  specific 
biochemical  roles  of  many  of  these  vitamins 
have  been  discovered. 

a)  Thiamine. — Thiamine  (vitamin  B,), 
the  heat-labile  factor  of  the  B  complex,  con¬ 
tains  a  pyrimidine  and  a  thiazole  nucleus 
(69,  34).  In  animal  tissues  in  the  form  of  di- 
phosphothiamine,  it  is  cocarboxylase  (140), 
a  most  important  coenzyme  in  carbohydrate 
metabolism.  This  coenzyme  functions  to 
bring  about  the  oxidative  decarbo.xylation 

H0CH2-CH2^^S\ 
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in  favor  of  Barron’s  contention  that  carbo¬ 
hydrate  metabolism  in  the  skin  does  not  go 
by  way  of  the  Krebs  tricarboxylic  acid  or 
citric  acid  cycle  (11).  Edema  secondary  to 
cardiac  failure,  of  course,  is  reflected  in  the 
skin  in  severe  thiamine  deficiency. 

Thiamine,  when  administered  alone  to 
pellagrous  individuals,  whose  disease  origi¬ 
nates  chiefly  from  lack  of  nicotinic  acid,  an¬ 
other  member  of  the  B  complex,  danger¬ 
ously  exacerbates  this  syndrome  and  may 
even  precipitate  death. 

Pyrithiamine,  a  chemical  analogue  of 
thiamine  with  a  pyridine  ring  substituted 
for  the  thiazole  ring,  acts  as  a  metabolic 
antagonist  of  thiamine  and  can  produce  the 
thiamine-deficiency  syndrome.  It  is  a  very 
potent  inhibitor  of  some  dermatophytes 
(59). 

b)  Riboflavin. — Riboflavin  (vitamin  B2) 
is  composed  of  6,7-dimethylisoalloxazine 
and  a  ribityl  group  (129,  130),  the  former 
nucleus  being  responsible  for  its  yellow  color 
and  fluorescent  properties.  In  the  intestine 
it  is  phosphorylated  to  riboflavin-5-phos- 
phate  (cytoflavin),  which  then  functions  as 
such  or  combined  with  adenylic  acid  in  the 
form  of  riboflavin-adenine-dinucleotide  as 
the  prosthetic  group  of  a  number  of  flavo- 
protein  yellow  enzymes  (239)  with  key 

II 


Structural  formula  of  thiamine  hydrochloride 


of  a-keto  acids,  such  as  jiyruvic  and  a-keto- 
glutaric  acids.  Its  mechanism  of  action  is 
closely  linked  in  these  reactions  with  co¬ 
enzyme  A  and  a-lipoic  acid.^ 

A  deficiency  of  thiamine  causes  the  ac¬ 
cumulation  of  pyruvic  and  lactic  acids  in  the 
tissues  (174,  236)  and  the  develojiment  of 
the  disease  syndrome,  beriberi  (146  243) 
Curiously,  direct  cutaneous  effects  of  this 
deficiency  are  lacking;  and  this  might  argue 


functions  as  hydrogen  carriers  between  the 
pyridine  nucleotides  and  the  cytochrome 
system,  the  hydrogen  being  added  to  the 


and  its  relation  to  a  thia'mine  coenTj^e  ^ 
oxidative  decarboxylation  of  a-keto  acids  rVm 
nhn?i.  r"  ’  also  Lipothiamid^n-ro 

conjugase,  ibid.,  pp.  4727-28.  ^  ^ 
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isoalloxazine  structure  at  the  ])oints  marked 
by  asterisks  as  illustrated  below: 

CIIoOH 

I  “ 

HCOII 

I 

HCOH 

I 

HCOH 

I 

CH 

*  ll 

o 

Structural  formula  of  riboflavin 

Either  isoriboflavin  (the  5,6-dimethyl 
isomer),  or  the  phenazine  analogue  of  ribo¬ 
flavin,  can  inhibit  riboflavin  action  in  rats 
and  mice  by  metabolic  competition  (57).  It 
has  also  been  suggested  that  Atabrine  may 
be  a  metabolic  riboflavin  antagonist. 

Riboflavin  deficiency  causes  growth  fail¬ 
ure  and  prominent  changes,  especially  in 
the  skin  (Fig.  1),  mucous  membranes,  eyes, 
and  nervous  systems  of  several  species  of 
mammals,  including  man.  In  the  rat  (219) 
the  fur  becomes  uneven,  ragged,  and  crusted 
with  a  dark  red-brown  material.  Partial 
alopecia  occurs  over  the  abdomen,  and  this 
area  shows  a  scaly  condition.  The  eyelids 
and  lips  also  become  bald,  and  the  latter  be¬ 
come  red  and  swollen.  Microscopically,  at¬ 
rophy  of  the  epidermis,  follicles,  sweat 
glands,  and  especially  the  sebaceous  glands 
is  found.  It  has  been  suggested  that  this 
atrophy  of  the  epidermal  structures  results 
from  defective  hepatic  inactivation  of  estro¬ 
gen  (60),  because  liver  slices  from  animals 
depleted  in  riboflavin  fail  to  inactivate 
estradiol  as  do  normal  liver  slices  (202),  and 
large  amounts  of  estrogen  can  cause  similar 
epidermal  atrophy  (99).  Similar  general  cu¬ 
taneous  changes  have  been  reported  in  ribo¬ 
flavin-deficient  swine  (248)  and  monkeys 

(235).  .  .  . 

In  the  eye,  corneal  vascularization  trorn 
the  periphery  is  the  chief  manifestation  of 


this  deficiency  syndrome.  It  has  been  sug¬ 
gested  that  this  vascularization  (60)  repre¬ 
sents  an  attempt  to  increase  the  supply  of 
riboflavin  to  the  cornea,  which  ordinarily 
receives  its  supply  of  this  vitamin  from  the 
lacrimal  and  Meibomian  gland  secretions, 
which  normally  contain  very  large  amounts 
of  this  vitamin  and  early  reflect  dietary  de¬ 
ficiency  (175).  The  picture  of  experimental 
riboflavin  insufficiency  in  some  animals  also 
includes  faulty  growth  of  horns  and  hoofs 
(248)  and  graying  of  hair  (106). 

In  man,  since  the  work  of  Sebrell  and 
Butler  (196),  a  syndrome  characterized  by 
cheilosis,  sore  magenta  tongue,  seborrheic 
dermatitis  about  the  nose  and  scrotum,  and 
vascularization  of  the  cornea  has  been  gen¬ 
erally  accepted  as  the  result  of  riboflavin 
deficiency.  However,  Horwitt  et  al.  (100) 
recently  reviewed  the  many  contradictory 
reports  on  the  subject  and  in  carefully  con¬ 
ducted  human  experiments  of  their  own,  in¬ 
volving  pure  riboflavin  deficiency,  pointed 
out  that  all  features  of  the  syndrome  do  not 
necessarily  develop  in  all  cases.  They  sug¬ 
gest  that  the  types  of  abnormalities  ob¬ 
served  depend  upon  the  triggering  action  of 
local  trauma,  irritation,  or  infection  and 
that  the  vitamin  deficiency  simply  prevents 
normal  healing.  In  deficient  rats  they  ac¬ 
tually  observed  grossly  defective  healing  of 
experimental  wounds.  In  man,  the  so-called 
“characteristic”  skin  lesions  of  the  deficien¬ 
cy  were  often  noted  to  develop  only  after 
some  tyi)e  of  local  irritative  trigger,  e.g., 
herj)es  simplex  at  the  corner  of  the  mouth, 
nasal  irritation  after  a  cold,  etc.  Skin  lesions 
were  observed  especially  often  in  red-haired, 
fair-skinned  individuals.  Corneal  vasculari¬ 
zation  was  only  rarely  observed,  in  contrast 
to  the  high  incidence  reported  among  avi¬ 
ators  exposed  to  glare  and  eyestrain  (227). 

In  man,  rosacea  keratitis  very  closely  re¬ 
sembles  the  ocular  changes  attributed  to 
riboflavin  deficiency,  and  beneficial  effects 
have  sometimes  followed  riboflavin  ad¬ 
ministration  (36,  152).  It  might  be  of  inter¬ 
est  to  test  the  effect  of  local  applications  ot 

riboflavin-adenine-dinucleotide  or  cytofla- 

vin  on  the  eyes  of  individuals  with  rosacea 


appearance  of  the  fur  and  stunUng^'yihf  ^  uneven  and  rag 

shows  disintegration  of  sebaceousjandtlin^^^^^^^  ^his  stage.  5,  section  of  s 
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keratitis  of  the  type  unresponsive  to  sys¬ 
temic  riboflavin  administration. 

In  general,  in  man,  the  mucocutaneous 
junctions  are  more  vulnerable  and  the  skin 
less  vulnerable  to  riboflavin  deficiency  than 
is  the  case  in  laboratory  animals  (185). 

c)  Nicotinic  acid. — Nicotinic  acid  (nia¬ 
cin)  is  pyridine-3-carboxylic  acid: 

y-\^cooH 


Nicotinic  acid 
(niacin) 

^\^CO-NHj 

Nicotinamide 

(niacinamide) 

Structural  formulae  of  nicotinic  acid 
and  nicotinamide 

In  the  body  it  is  transformed  into  the  amide, 
which  then  enters  into  the  formation  of  co¬ 
enzyme  I  (cozymase  I,  diphosphopyridine 
nucleotide,  DPN)  and  coenzyme  II  (cozy¬ 
mase  II,  triphosphopyridine  nucleotide, 
TPN) — two  very  important  hydrogen  car¬ 
riers  in  cellular  respiration  (55,  240).  Both  of 
these  are  heat-stable,  dialyzable  organic 
substances  which  are  destroyed  by  ultra¬ 
violet  radiation.  The  structure  of  coenzyme 
I  is  illustrated  below: 


Reduced  cozymases  are  oxidized  by  or- 
thoquinones  but  not  by  molecular  oxygen. 
They  ordinarily  transfer  their  hydrogen  to 
the  flavoprotein  enzymes.  Nucleosidases,  re¬ 
leased  from  cell  nuclei  by  injury,  dephos- 
phorylate  and  thus  inactivate  coenzymes  I 
and  II.  Nicotinamide,  however,  can  inhibit 
these  nucleosidases. 

In  animals,  nicotinuric  acid  and  the  salts 
and  esters  of  nicotinic  acid,  as  well  as 
nicotinamide  and  coramine,  can  be  utilized 
for  vitamin  activity. 

Chittenden  and  Underhill  (33)  in  Eng¬ 
land  and  Goldberger  (241)  and  others  in 
this  country  described  a  dietary  deficiency 
syndrome  in  dogs  characterized  by  anorexia, 
fetid  pustular  and  shreddy  mouth  and 
tongue  lesions,  bloody  diarrhea,  prostration, 
and  death,  and  they  pointed  out  patho¬ 
logical  similarities  to  human  pellagra.  This 
canine  syndrome  was  called  “blacktongue” 
in  America.  Goldberger  then,  with  his  clas¬ 
sical  corn-meal  prison  diet,  was  able  to 
produce  pellagra  in  man  and  blacktongue  in 
dogs  (73). 

The  skin  lesions  of  pellagra  tend  to  occur 
symmetrically  on  the  face  (butterfly  area), 
backs  of  hands,  forearms,  and  dorsa  of 
feet.  They  favor  areas  exposed  to  sunlight, 
heat,  pressure,  friction,  or  other  irritating 
factors  tending  to  interfere  with  normal  cu¬ 
taneous  metabolism.  The  early  acute  lesions 
are  sharply  outlined  and  bright  red,  re¬ 
sembling  sunburn.  Bullae,  with  separation 
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at  the  epidermal-dermal  junction,  crusting, 
and  desquamation,  may  follow,  after  which 
there  is  a  dusky  reddish-brown  pigmenta¬ 
tion.  In  man,  porphyrinuria  in  the  past  was 
believed  to  be  associated  with  the  syndrome; 
but  more  recent  evidence  indicates  that  the 
pigment  excreted  in  the  urine  is  urorosein  or 
some  other  indole  derivative  rather  than 
porphyrin  (75).  The  mechanism  of  the  ap¬ 
parent  light  sensitivity  is  unknown.  Chronic 
lesions  appear  as  sharply  outlined,  thick¬ 
ened,  indurated,  heavily  scale-covered,  pig¬ 
mented  areas.  Hyperkeratotic  follicular 
plugging  is  also  frequently  present,  especial¬ 
ly  on  the  face.  Atrophy  of  the  epidermis  may 
follow  chronic  lesions. 

The  mouth  and  tongue  are  early  affected, 
at  first  with  slight  edema  and  a  burning 
sensation.  Later  fiery,  scarlet-red  inflamma¬ 
tion  occurs,  with  much  swelling.  The  edem¬ 
atous  tongue  often  becomes  indented  around 
its  edges  by  the  teeth,  and  its  papillae, 
which  initially  were  engorged,  become 
atrophic.  Ulcers  eventually  appear  which  re¬ 
semble  those  of  acute  aphthous  stomatitis. 
Perianal  lesions  also  commonly  occur. 

In  1937  LK^ehjem  (51)  demonstrated 
that  nicotinic  acid  cured  the  blacktongue 
syndrome  in  dogs,  and  it  was  soon  found 
that  nicotinic  acid,  likewise,  has  a  strikingly 
beneficial  effect  on  human  pellagra.  For  a 
time  thereafter  it  was  generally  believed 
that  both  blacktongue  and  pellagra  were 
caused  specifically  by  a  dietary  deficiency 
of  nicotinic  acid.  More  recent  observations, 
however,  have  complicated  this  picture! 
Thus  no  significant  differences  in  cozymase 
content  of  normal  and  blacktongue-syn- 
drome  dog  tissues  were  found  (43).  Further- 
rnore,  diets  with  a  very  low  content  of 
nicotinic  acid  alone  did  not  cause  the  black¬ 
tongue  syndrome  (87)  or  pellagra.  Also, 
the  amino  acid  tryptophane  was  found  to  be 
an  effective  substitute  for  nicotinic  acid  in 
rats  deficient  in  this  vitamin  (126).  It  was 
then  shown  that  methylnicotinamide  ex¬ 
cretion  in  the  urine  increases  after  trypto¬ 
phane  administration  (184),  which  sug¬ 
gested  that  nicotinic  acid  may  be  formed 


from  dietary  trypto])hane.  Later  it  was 
definitely  established  with  radioactive  car¬ 
bon  tracers  that  this  conversion  actually 
occurs  in  mammals  (95). 

To  complicate  the  picture  even  more, 
Woolley  (258)  has  isolated  a  “pellagragenic” 
agent  from  corn  which  seems  to  be  a  nat¬ 
urally  occurring  pyridine-containing  meta¬ 
bolic  antagonist  of  nicotinic  acid.  Recent 
experiments  in  man  by  Horwdtt  and  co¬ 
workers  also  lend  support  to  this  latter  con¬ 
cept  of  a  “pellagragenic”  agent  in  corn,  be¬ 
cause  pellagra  could  not  be  produced  on 
noncorn-containing  diets  which  contained 
no  more  nicotinic  acid  or  tryptophane  than 
the  original  Goldberger  prison  diet.^ 

Thus  it  appears  that  several  dietary  fac¬ 
tors  are  involved  in  pellagra.  These  are  (1) 
low  nicotinic  acid  content,  (2)  protein  of 
poor  quality  (low  tryptophane  content),  and 
(3)  the  presence  of  an  antinicotinic  sub¬ 
stance  or  toxic  factor. 


The  pharmacologic  vasodilatory  action 
of  nicotinic  acid  was  discussed  on  page  104. 
The  normal  adult  human  dietary  require¬ 
ment  of  nicotinic  acid  is  around  20  mg. 
daily.  The  intestinal  flora  supplies,  in  addi¬ 
tion,  a  large  fraction  of  the  human  require¬ 
ment  of  this  vitamin.  Several  metabolically 
competitive  analogues  of  nicotinic  acid  are 
known.  Medically  important  competitors 
are  sulfapyridine  and  isonicotinic  acid  hy- 
drazide.  The  latter  has  been  reported  to 
precipitate,  on  occasion,  a  pellagra-like  syn¬ 
drome  in  man  (148). 


I  - UCCIl 

made  to  use  nicotinic  acid  in  a  variety  of 
skin  disorders,  with  variably  reported  suc¬ 
cess.  Its  most  consistent  beneficial  effect  if 
pellagra  is  excluded,  is  perhaps  in  the  treat¬ 
ment  of  dermatitis  herpetiformis,  where  the 
pyridine  structure  in  general  seems  to  have 
therapeutic  value  (109). 

d)  Vitamin  B,  (pyridoxine,  pyridoxal, 
Pyndoxamtne).~Pyndoxme,  another  mem¬ 
ber  of  the  heat-stable  fraction  of  the  vitamin 


4.  M.  K.  Horwitt,  personal  communication. 
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B  complex,  has  the  following  structure  (82, 
83,  14,  120,  213,  91,  86): 


CH.>OH 
OH 

CHs 

Structural  formula  of  pyridoxine 


It  is  inactivated  by  light.  Biochemically, 
pyridoxine  functions  in  the  form  of  pyri- 
doxal  phosphate  (124),  which  serves  as  a 
coenzyme  for  amino  acid  decarboxylating 
and  transaminating  enzymes.  Furthermore, 
vitamin  Be  plays  an  important  role  in  tryp¬ 
tophane  metabolism  (133,  134,  180,  249,  29). 

A  relationship  between  vitamin  Be  and 
essential  fatty  acids  in  the  rat  has  also  been 
observed  by  several  workers  (13,  177,  191, 
188).  Finally,  Gross  (78)  showed  that  i)yri- 
doxine  is  effective  in  curing  “rat  acrodynia,” 
a  syndrome  produced  in  the  rat  by  either 
])yridoxine  or  essential  fatty-acid  deficiency, 
only  if  the  animals  are  also  given  essential 
fatty  acids.  The  pyridoxine  under  these  con¬ 
ditions  has  an  essential  fatty-acid-sparing 
action.  It  seems  likely  that  vitamin  Be  func¬ 


tions  in  the  biological  synthesis  of  fats  from 
protein. 

Vitamin  Be  deficiency  in  the  rat  causes 
most  conspicuous  injury  to  the  skin  (Fig.  2) 
(218).  Initially,  there  suddenly  ap])ears 
erythema  of  the  dorsa  of  the  paws,  at  first 
most  commonly  involving  the  hind  ones. 
This  spreads  to  the  plantar  aspects  of  the 
feet  and  is  followed  by  hyperkeratosis,  scal¬ 
ing,  and  edema.  A  similar  process  appears  on 
the  ears,  nose,  chin,  and  upper  thorax.  There 
is  little  alopecia  until  very  late  in  the  de¬ 
ficiency.  Histologically,  there  is  hyj)er 
keratosis,  acanthosis,  and  edema  in  the 
corium.  Late  in  the  syndrome  there  is  at¬ 
rophy  of  the  cutaneous  appendages,  which 
has  been  thought  to  be  either  primary  (252, 
10)  or  secondary  to  infection  following 

ulceration  (218). 

Cold  hastens  the  development  of  these 
lesions.  Exposure  to  light  has  no  effect  on 
the  deficiency  syndrome.  A  high-protein  diet 


also  hastens  the  appearance  of  the  syn¬ 
drome,  whereas  a  low-protein  diet  delays  it. 

The  development  and  growth  of  some 
e.xperimental  tumors  in  mice  and  rats  has 
been  inhibited  by  pyridoxine  deficiency 
(155,  15). 

In  adult  man,  vitamin  Bg  deficiency  has 
been  a  much-debated  subject,  although 
the  vitamin  has  been  a  useful  adjunct  in  the 
treatment  of  residual  manifestations  of 
other  vitamin  B-deficiency  states,  like  pel¬ 
lagra  (208,  209,  261)  and  some  types  of 
cheilosis  (204).  In  infants  a  convulsive  syn¬ 
drome  and  anemia  have  been  related  to 
pyridoxine  deficiency.® 

A  relationshi])  between  seborrheic  der¬ 
matitis  of  man  and  rat  acrodynia  was  early 
suggested  by  Gyorgy  (85),  and  later  workers 
claimed  varying  therapeutic  success  in  the 
treatment  of  seborrheic  dermatitis  (79,  261, 
6)  with  pyridoxine,  as  well  as  in  the  treat¬ 
ment  of  acne  vulgaris  (110). 

Most  recently,  Schreiner  et  at.  (193)  have 
noted  in  patients  given  4-desoxypyridoxine, 
a  metabolic  antagonist  of  pyridoxine,  the 
development  of  a  dermatitis  resembling 
seborrheic  dermatitis  of  the  sicca  type. 
They  further  found  that  pyridoxine,  given 
internally  or  topically  a})plied,  specifically 
corrected  these  lesions.  They  also  claim 
variable  success  in  the  treatment  of  ordinary 
seborrheic  dermatitis,  particularly  in  elderly 
individuals  with  lesions  about  the  hairline, 
with  an  ointment  containing  10  mg.  of 
pyridoxine  per  gram.  They  suggest  that 
seborrheic  dermatitis  may  represent  a  local 
metabolic  defect  in  the  skin  involving  pyri¬ 
doxine.  The  present  writer,  however,  has 
been  unable  to  observe  any  specific  bene¬ 
ficial  effects  of  pyridoxine  ointment,  such  as 
described,  in  a  number  of  individuals  with 
seborrheic  dermatitis.  Possibly  if  Hie  prepa¬ 
rations  contained  pyridoxal,  the  biologically 


5.  S.  K.  Snyclerman,  L.  K.  Holt,  R.  Carretero, 
id  K  Jacobs,'  Pyridoxine  deficiency  in  the  human 
fant  J.  Clin.  Nutrition.  1:200-207,  PbSd.  See  also 
j.  Molonv  and  .\.  II.  Parmelee,  Convulsions  in 
,unK  infants  as  a  result  of  pyridoxine  (vitamin  Hd 
liciency,  J..\.M..\.,  154:405-6,  19-->4;  and  I).  H. 
Hirsin,  Convulsive  seizures  in  infants  with  p\  ri- 
ixine-deficient  diet,  154:406-8,  1954. 
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change,  aside  from  some  failure  to  grow  is  found  in  (lie  evt  ,  *'  the  only 

microscopically,  C,  and  hyperkeratosis  and  acanthosis  wUh  enitM'  'y’""''*;  B,  is  noted.  This  appears 

layer,  I-rom  Follis  («.,.  (Reproduced  by  permission  of  Dr.  fShs  ful  ftfre”ri"i;™as'’r' 
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activ’e  form  of  the  vitamin,  better  results 
might  be  more  consistently  obtained. 

In  most  animals  intestinal  flora  synthe¬ 
size  vitamin  Bg  to  help  supply  normal  re¬ 
quirements  for  the  vitamin. 

e)  Pantothenic  acid. — Pantothenic  acid 
(filtrate  factor),  another  vitamin  B  factor, 
consists  of  j3-alanine  united  by  a  peptide 
linkage  to  a  branched-chain  hydroxy  fatty 
acid,  pantoic  acid,  as  shown  below  (246, 
244,  245) : 


as  much  copper  as  normal  rat  skin,  and  they 
suggest  that  graying  and  poor  hair  growth 
in  these  deficient  rats  result  from  faulty 
copper  utilization  in  the  skin  so  that  copper 
accumulates.  Singer  and  Davis  (201)  suggest¬ 
ed  even  earlier  that  pantothenic  acid  might  be 
involved  in  the  process  of  linking  copper  to 
the  protein  moiety  of  phenol  oxidases,  be¬ 
cause  the  addition  of  pantothenic  acid  to  the 
diet  of  dried  milk  fed  to  copper-deficient 
rats  restored  inhibited  pigment  formation 


CHs 

1 

HOCHa-C-CH-CO*  NH-CH2-CH2-COOH 
I  I 

H3C  OH 

Pantothenic  acid 


It  is  stable  to  heat  and  light  and  is  found  in 
all  tissues.  The  richest  known  natural  source 
of  this  vitamin  is  royal  jelly  of  bees. 

Biochemically,  it  is  a  major  structural 
component  of  coenzyme  A  (139),  which  is  of 
great  importance  for  acetate  utilization  in 
the  synthesis  of  a  host  of  important  bio¬ 
chemical  compounds  such  as  acetylcholine, 
steroids,  and  fats: 


as  well  as  copj^er  supplementation  did. 

Sullivan  and  Nicholls  (221)  carefully 
studied  the  cutaneous  effects  of  pantothenic 
acid  deficiency  in  the  rat.  Circumocular  hair 
loss  occurs  (spectacle  alopecia),  together 
with  similar  alopecia  in  the  preauricular 
region  and  on  the  sides  of  the  snout.  Graying 
also  develops  symmetrically  first  in  these 
same  general  areas,  and  the  fur  becomes 


CH3  OH  O 
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C-NH-CH2-CH2-SH 


-CH -Adenine 


Coenzyme  A 


Furthermore,  ])antolhenic  acid  may  ])lay 
a  role  in  the  utilization  of  copi)er  for  hair 
growth  and  melanin  formation.  Hundley  and 
Ing  (105)  find  that  the  skin  of  ])antothenic 
^icid-deficient  rats  may  contain  five  times 


dull  and  coarse  (Fig.  3).  Generalized  scaling 
and  an  erythematous  dermatitis  may  also 
appear.  Histologically,  hyperkeratosis,  acan¬ 
thosis,  crusting  and  intraepidermal  edema  in 
focal  distribution,  and  dilatation  of  hair 
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follicles  are  observed.  Later  in  the  de¬ 
ficiency,  atrophy  of  the  epidermis  can  occur. 

In  the  rat  (149)  and  hamster  (186)  red 
incrustations,  probably  of  coproporphyrin, 
accumulate  about  the  nose  and  snout  hairs 
of  deficient  animals  as  a  result  of  chromodac- 
ryorrhea  from  Harderian  glands.  The  skin 
of  the  cotton  rat  has  been  found  more  sensi¬ 
tive  to  low  pantothenic  acid  intake  than  to 
any  other  B-factor  deficiency.  In  these  ani¬ 
mals  death  may  occur  in  6  weeks,  with 
severe  dermatitis  and  cutaneous  ulceration 
resulting  from  the  deficiency  (vS2).  In  swine, 
as  early  as  3  weeks  after  the  institution  of 
pantothenic  acid-deficient  diets,  cutaneous 
changes  have  been  observed  (250).  The  skin 
of  dogs  is  apparently  more  resistant  to  this 
deficiency,  and  no  cutaneous  changes  have 
been  described  e.xcept  for  coarsening  of  hair 
after  2  months  (200). 

Pantothenic  acid  deficiency  has  not  been 
reported  in  man,  although  it  has  been  ob¬ 
served  in  the  monkey  (142).  Normal  re¬ 
quirements  of  the  vitamin  can  be  largely 
supplied  by  intestinal-floral  synthesis. 

Pantoyltaurine  is  a  known  competitive 
inhibitor  of  pantothenic  acid. 

/)  Biotin.  Biotin  (vitamin  H)  is  a  cyclic 
acid,  containing  nitrogen  and  sulfur,  and  has 
the  following  formula: 


O 

II 

Cs 
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skin  and  muscular  system.  Boas  in  1927  (16) 
first  postulated  a  dietary  protective  factor 
against  this  syndrome.  Gyorgy  (84)  studied 
in  great  detail  the  egg-white  injury  syn¬ 
drome  and  proved  Boas’  hypothesis  to  be 
correct.  Du  Vigneaud  finally  determined  the 
structural  formula  (48)  of  this  anti-egg- 
white  injury  factor,  and  it  was  soon  synthe¬ 
sized  (92). 

The  factor  in  raw  egg-white  that  in¬ 
activates  biotin  is  called  “avidin”  and  has 
been  crystallized  (49,  172).  It  is  a  glycopro¬ 
tein  that  forms  a  complex  with  biotin  which 
cannot  be  absorbed  from  the  intestine,  al¬ 
though,  on  parenteral  injection,  it  can  cure 
the  biotin-deficiency  syndrome.  Curiously, 
the  avidin-biotin  complex  has  considerable 
lysozyme  activity  (57). 

Lichstein  has  recently  reviewed  in  critical 
detail  the  biochemical  functions  of  biotin, 
especially  in  some  decarboxylases  and  de¬ 
aminases  (137).  There  is  considerable  evi¬ 
dence  that  this  vitamin,  too,  functions  as  a 
relatively  simple  organic  coenzyme  mole¬ 
cule. 

Sullivan  and  Nicholls  (220)  described  in 
detail  the  skin  changes  developing  in  young 
rats  on  a  diet  containing  30  per  cent  dried 
egg-white  powder.  These  changes  com¬ 
menced  after  3-5  weeks,  with  erythema  and 


HN  3' 


1'  NH 


HC 


CTI 


-('OOH 


Biotin(2'-keto-3,4-imidazoli<lo-2-.elrahydrothiophene-«-valeric  acid) 


Structurally,  it  possesses  both  imidazole  and 
thiophene  rings.  It  is  a  rather  stable  member 
of  the  B  complex  to  heat,  alkalies,  and  acids 
At  the  beginning  of  the  century  it  was 
known  that  feeding  unheated  egg-white  to 
animals  caused  deleterious  changes  in  the 


roughness  of  the  skin  and  dulling  of  the 
coat  C.eneralized  brown,  greasy  scaling 

symmetrical 

neck  hrst  over  the  chin, 

neck  Md  antertor  ventral  surfaces  (Fig. 

4,  .1).  Muscle  spasticity  also  was  conspicu- 
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ous,  and  muscle  atrophy  and  necrosis  and 
increase  in  sarcolemma  nuclei  have  been 
seen  histologically  (217).  These  muscle 
changes  were  analogous  to  those  occurring 
in  vitamin  E  deficiency. 

Microscopically,  the  skin  shows  hyper¬ 
keratosis,  uniform  acanthosis,  edema  of  the 
corium,  and  follicular  dilatation  and  plug¬ 
ging  with  sudanophilic  keratin  material 
(Fig.  4,  B).  Late  in  the  syndrome  the  epi- 


recently  made  detailed  histologic  observa¬ 
tions  on  mouse  skin  in  biotin  deficiency  and 
has  found  changes  quite  similar  to  those  ob¬ 
served  in  the  rat. 

In  hamsters  (37)  biotin  deficiency  also 
leads  to  angular  stomatitis.  In  monkeys 
(237)  with  acute  biotin  deficiency,  a  scaling 
dermatitis  has  been  noted,  while  with 
chronic  deficiency  there  is  only  gradual 
thinning  of  hair  and  loss  of  pigmentation. 


Pjg.  3 —Head  of  rat  which  had  been  on  a  pantothenic  acid-deficient  diet  for  about  5  weeks.  Note  sym¬ 
metric  graving  (achromotrichia)  of  hair  about  eyes,  ears,  and  nose.  This  usually  spreads  to  involve  the  entire 
headwater  alopecia  occurs.  From  Follis  (60).  (Reproduced  by  permission  of  Dr.  I-ollis  and  Charles  C 

Thomas.) 


dermis  becomes  atro])hic,  the  sebaceous 
glands  decrease  in  size,  and  small  superficial 
ulcers  appear.  In  mice  (165)  and  rabbits 
(131)  changes  similar  to  those  in  the  rat 
have  been  described.  In  pigmented  mice, 
biotin  deficiency  leads  to  achromotrichia  as 
well  as  alopecia  (178),  and  very  early  in  the 
syndrome  there  is  a  striking  failure  of  the 
Trucking  stimulus  to  initiate  a  new  hair 
cycle,  even  though  such  a  cycle  can  develoj) 
si)ontaneously  later.  Montagna  (158)  has 


In  man,  experimental  feeding  daily  of 
200  gm.  of  dehydrated  egg-white  to  four 
volunteers  caused  temporaiyq  fine,  non- 
jirurilic  scaling  after  3-4  weeks  in  all  cases 
(222).  A  ])eculiar  grayish  coloration  of  the 
skin,  atro|)hy  of  lingual  ]m})illae,  anorexia, 
insomnia,  lassitude,  ])recordial  distress,  and 
muscle  i)ain  were  also  noted  in  these  experi¬ 
ments.  All  these  effects  were  jiromptly  re¬ 
lieved  by  biotin  therajiy. 

Spontaneous  biotin  deficiency  in  man  has 
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not  been  observed  unequivocally.  The  in¬ 
testinal  flora  usually  sujiply  ample  amounts 
of  the  vitamin  for  normal  requirements. 

Gyorgy  (85)  early  pointed  out  that  sebor¬ 
rheic  dermatitis  in  infants,  especially  the 
severe  form  called  “Leiner’s  disease,  bears 
features  analogous  to  biotin-deficiency  der¬ 
matitis  in  rats.  Thelin  (226)  has  reported 


one  case  of  infantile  seborrheic  dermatitis 
which  responded  well  to  biotin  therapy , 
and  Brown  (23)  has  claimed  success  in  the 
treatment  of  a  few  cases  of  infantile  eczema 
with  biotin.  In  general,  however,  seborrheic 
dermatitis  has  not  been  benefited  by  biotin 

therapy  (157,  153). 

Inositol,  a  cyclic  polyalcohol 


pe,  been  placed  on  a  diet  containing 

Note  also  the  humped  i)osition  and  gait.  B  microscoo’ir  itirt  f  i.  •  \  greasy  yellow  scales, 

grossly.  Note  hy[)erkeratosis,  with  dilatation  of  the  orifices  onhe^h-V  Tlr  similar  to  that  depicted 

ger-like  appearance  of  the  epithelium.  There  is  relatively  lit  Up  rl  I  his  results  m  a  peculiar  lin- 

(60).  (Reproduced  by  permission'rOr.  Follis  Tnd  CWles  c" XhomL!) 
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member  of  the  B  complex,  has  the  following 
structure: 


OH 

C 


HCOH  HOC  II 
HOCHI  HCOH 


OH 

Inositol 

It  is  widely  distributed  with  j)hospholipids 
in  animal  tissues.  It  was  recognized  as  an 
essential  nutrient  in  1940,  when  Woolley 
(257)  described  alopecia  in  mice  placed  on 
diets  deficient  in  this  factor. 

Inositol  exerts  a  protective  action  against 
fatty  infiltrations  of  the  liver  in  animals 
(88,  53,  70).  In  man,  the  lipotropic  proper¬ 
ties  of  inositol  have  also  been  noted  (1). 

Attempts  to  cure  human  alopecia  with 
this  substance  have  failed  (233),  although 
the  inositol  content  of  the  hair  of  balding 
men  has  been  reported  to  be  low  ( 166). 

It  is  of  interest  to  point  out  the  struc¬ 
tural  similarity  between  inositol  and  7- 
hexachlorocyclohexane.  It  has  been  sug¬ 
gested  that  this  potent  antiparasiticide 


relationships  and  it  is  chiefly  a  structural 
component  of  the  phospholipid,  lecithin, 
rather  than  actively  functioning,  as  do  most 
vitamins,  in  very  tiny  amounts.  It  plays  im- 
{)ortant  roles  in  transmethylations  and  in 
the  form  of  acetylcholine. 

//)  Para-ami nobenzoic  Para-amino- 

benzoic  acid,  folic  acid  {L.  casei  factor),  and 
vitamin  Bio — some  other  well-known  con¬ 
stituents  of  the  B  complex — will  be  con¬ 
sidered  together  because  of  their  close  bio¬ 
logical  interrelationships. 

Para-aminobenzoic  acid  was  first  sug¬ 
gested  as  an  essential  nutrient  in  1941  by 
.\nsbacher  (7),  who  produced  achromo- 
trichia  in  rats  on  a  synthetic  diet  which 
could  be  reversed  by  administration  of  this 
substance. 

i)  Folic  acid. — In  1945  Angier  et  al.  (5) 
described  the  structure  and  synthesis  of  the 
L.  casei  factor,  an  essential  growth  factor  for 
bacteria  such  as  Lactobacillus  casei  and 
Streptococcus  fecalis,  which  had  earlier  been 
shown  to  be  identical  with  folic  acid,  a  sub¬ 
stance  derived  from  leafy  vegetables  (156), 
which  was  an  essential  antimacrocytic  ane¬ 
mia  factor  in  chicks,  monkeys  (46),  and  rats 
(41).  The  structure  shown  in  the  formula 
below  is  pteroylglutamic  acid,  which  has 
incorporated  in  it  a  molecule  of  jjara-amino- 
benzoic  acid: 


H  H  O 

I  I  II 

HOOC-C-N-C- 
I 

CH2 
I 

H()0C-CH2 
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-N-CH2^ 


N 


NHj 


OH 


Pteroylglutamic  acid;  N-l4-{  [  (2-amino-4-hydroxy-6-pteridyI)  methyl] 

amino}  benzoyl] glutamic  acid 


functions  by  competing  metabolically  with 
inositol.® 

Choline,  although  often  considered  part 
of  the  B  complex,  is  another  lipotropic  sub¬ 
stance.  It  will  not  be  considered  here  in  de¬ 
tail,  because  it  has  no  clear-cut  cutaneous 

6.  S.  Kirkwood  and  P.  H.  Phillips,  The  anli- 
inositol  effect  of  7-hexachlorocyclohexane,  J.  Biol. 

Chem.,  163:251-54,  1946. 


Folic  acid  is  an  indispensable  factor  in  all 
tissues,  and  para-aminobenzoic  acid  is  neces¬ 
sary  for  its  formation.  Synthesis  by  intesti¬ 
nal  flora  usually  supjtlies  the  body’s  normal 
requirements  for  folic  acid. 

Biochemically,  folic  acid  is  linked  with 
(1)  the  biosynthesis  of  imrines  and  pyrim¬ 
idines,  which  are  important  structural 
com])onents  of  nucleic  acids;  (2)  the  inter- 
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conversion  of  glycine  and  serine;  and  (3) 
transmethylation  reactions.  The  biochemi¬ 
cal  action  mechanism  of  folic  acid  in  these  re¬ 
actions  has  been  dealt  with  by  Jukes  (111). 

Folic  acid  antagonists,  such  as  aminop- 
terin,  cause  striking  suppression  of  blood 
cell  formation,  stomatitis,  and  hemorrhagic 
manifestations.  The  latter,  of  course,  is  re¬ 
flected  in  the  skin  as  purpura.  Gubner  (81) 
has  suggested  that  the  folic  acid  antagonists 
also  retard  proliferation  of  epithelial  cells, 
and  he  has  described  beneficial  effects,  pre¬ 
sumably  on  this  basis,  of  aminojiterin 
therapy  in  psoriasis. 

j)  Cyanocobalamin. — The  vitamin  H12 
group  of  cobalt-containing  pigments  has 
been  identified  as  the  extrinsic  antiperni- 
cious  anemia  factor  (205,  181).  Their  com¬ 
plex  chemical  nature  and  various  structural 
forms  and  possible  pharmacological  action 
are  discussed  in  the  following  publications: 
112,  176,  9,  114,  68,  231,  21,  113,  22.  The 
interrelationships  between  folic  acid  and 
vitamin  Bjo  have  been  discussed  recently 
by  Vilter  et  at.  (232). 

The  relationship  of  vitamin  B12  to  the 
skin  and  its  disorders  has  not  yet  been  ade¬ 
quately  e.xplored,  although  little  can  be 
expected  therapeutically,  in  view  of  the 
general  lack  of  striking  specific  cutaneous 
effects  of  liver  extract  therapy. 

k)  Amounts  present  in  skin. — Lee,  Lerner, 
and  Halberg  (132)  have  recently  reviewed 
the  quantitative  aspects  of  the  B  vitamins 
in  normal  human  skin  and  give  the  results 
of  their  own  measurements  of  the  amounts 
present.  Their  figures,  in  comparison  with 
the  results  of  other  investigators,  are  pre¬ 
sented  in  Table  1. 

2.  Ascorbic  Acid 

.'\scorbic  acid  (vitamin  (')  is  a  water-solu¬ 
ble,  fat-insoluble  keturonic  acid  derivative 
with  the  structure  illustrated  below: 


H  OH 

c  c  c — c  —c  ni 

11  I  I  I  I  I 

o  OH  OH  H  OH  H 

Structural  formula  of  vitamin 
C  (ascorbic  acid) 
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The  chemical  nature  of  vitamin  C  was  de¬ 
termined  in  1932  by  King  and  \\  augh  (121), 
although  Szent-Gyorgyi  had  earlier  found 
the  same  material  in  adrenal  glands,  cab¬ 
bage,  and  citrus  fruits  (223).  Its  synthesis 
was  announced  soon  afterward  (179,  97). 
Ascorbic  acid  is  very  easily  oxidized  to 
dehydroascorbic  acid,  especially  in  alkaline 
solutions  in  the  light.  Copper  strongly 
catalyzes  this  oxidation,  while  meta-  and 
pyrophosphates  inhibit  it. 

With  the  exception  of  monkeys,  guinea 
pigs,  and  man,  animals  are  able  to  synthe- 

TAttLE  1 

Amounts  of  B  VPtamins  in  Skin  (132) 


Amounts  in  t/Gm 
OF  Dry  Skin 


VITAMIN 

Lee 
et  al . 

Literature 

Data 

Bio  . 

0.021 

Folic  acid . 

0  11 

2.3  -  2.7 

Riboflavin . 

1.9 

2.1  -  3.4 

Nicotinic  acid . 

15.0 

18.0  -  24.0 

Calcium  pantothenate 

3.7 

6.1  -  9.3 

Biotin . 

0.046 

0023-  0.085 

Thiamine-HCl .  . . 

Pyridoxine . 

Inositol . 

0.3 

0,95  -  1.7 
0.18  -  0.66 
230  -790 

size  sufficient  ascorbic  acid  for  their  bio¬ 
logical  needs.  However,  it  has  been  claimed 
that  a  vitamin  C-deficiency-like  syndrome 
has  been  produced  in  mice  and  rats  with 
glucoascorbic  acid  (259),  a  possible  meta¬ 
bolic  antagonist  of  ascorbic  acid. 

Biochemically,  ascorbic  acid  is  believed 
to  function  as  an  oxidation-reduction  po¬ 
tential  regulator  in  living  tissues.  It  is  kept 
largely  in  the  reduced  state  in  tissues  by 
sulfhydryl  compounds,  such  as  glutathione. 
It  can  reduce  a  number  of  biologically  im¬ 
portant  substances,  such  as  quinones,  bil- 
iverdin,  and  oxyhemoglobin.  Ascorbic  acid 
also  has  important  functions  in  the  metabo¬ 
lism  of  certain  aromatic  amino  acids,  such  as 
tyrosine  and  tryptophane,  and  products  de¬ 
rived  therefrom,  as  reviewed  by  Butt 
Leary,  and  Wilder  (27). 
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Hesperidin 


Hespcriciin  chalcone 


() 

Hesi)cri(lin  methyl  chalcone 


Eriodictyol 


Rutin 

*  R  =  a  suKar 


Structural  formulae  of  compounds  with  vitamin  P  activity 
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The  relationship  of  vitamin  C  to  melanin 
formation  has  already  been  discussed  in 
chapter  22. 

Vitamin  C  deficiency,  as  is  well  known, 
causes  scurvy,  one  of  the  earliest  recognized 
s})ecific  dietaiy'-deficiency  diseases.  The 
manifestations  of  this  disease,  including  de¬ 
fective  wound  healing,  are  based  largely  on 
disturbances  in  the  formation  and  mainte¬ 
nance  of  normal  intercellular  substances. 
The  relationships  of  ascorbic  acid  to  ground 
substance  and  collagen  formation  have  al¬ 
ready  been  discussed  ({)p.  443-44).  Only  the 
cutaneous  features  of  this  deficiency  syn¬ 
drome  will  be  considered  here  to  any  extent. 
Early  in  the  deficiency,  along  with  lassitude, 
weakness,  and  muscle  and  joint  pains, 
hyperkeratotic  follicular  ])a])ules  on  the 
buttocks  and  calves  have  been  described 
which  closely  resemble  similar  cutaneous 
lesions  often  ascribed  to  vitamin  A  defi¬ 
ciency.  To  e.xplain  this  similarity,  Frazier 
and  Marmelszadt  have  suggested  that  vita¬ 
min  C  may  play  a  role  in  the  utilization  of 
vitamin  A  (66).  Later  in  the  disease  hemor¬ 
rhagic  })henomena  develoj)  in  the  skin  and 
internal  organs.  The  gums  become  swollen, 
red,  and  bleed  easily,  (leneral  skin  pallor 
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citrus  fruit  rinds  and  isolated  the  activ’e 
principle,  “citrin,”  and  identified  two  active 
chemical  components,  hesperidin  and  erio- 
dictyol.  Since  then  other  related  compounds 
whose  structures  are  shown  on  the  facing 
page  have  been  shown  to  have  vitamin  P 
activity. 

Vitamin  P  deficiency  has  been  produced 
in  man  (189,  190),  and  skin  lesions  charac¬ 
terized  by  perifollicular  petechiae  and 
purpura  over  pressure  areas  have  been 
described.  Some  claims  for  the  value  of 
vitamin  P  in  the  treatment  of  allergic,  in¬ 
fectious,  and  other  purpuras  have  been 
made  (128,  107,  154,  76,  138). 

4.  Vilamin  .4 

In  1913,  McCollum  and  Davis  (145)  and 
Osborne  and  Mendel  (169)  noted  the  j)res- 
ence  of  a  growth  factor  for  rats  in  certain 
fats.  Six  years  later,  Steenbock  (211)  sug¬ 
gested  that  this  factor,  called  vitamin  A, 
was  carotene,  a  yellow  plant  pigment.  In 
1930  carotene  was  shown  to  be  provitamin 
A  (161);  and  Karrer  (117,  118)  elucidated 
the  chemical  structure  of  both  carotene  and 
vitamin  A. 


IEC('II., 

A  v"“  V"’ 

/  \/L'H-cii-c-(ii-(ii=c-c-cii-ni,oii 


\/ 


Structural  formula  of  vitamin  Ai 


related  to  accompanying  anemia  is  also 
characteristic  of  the  syndrome. 

3.  Vitamin  P 

Vitamin  P  is  a  designation  aj)])lied  to  a 
group  of  water-soluble  tlavone  glycosides 
from  various  ])lant  sources  which  are  be¬ 
lieved  necessary  to  maintain  normal  ca])il- 
lary  ])ermeability  and  fragility.  Szent- 
(lyorgyi  and  his  associates  (187)  first  dis¬ 
covered  this  vitamin  factor  in  i)ai)rika  and 


Two  active  forms  of  vitamin  A  occur  in 
tissues  vitamin  Ai,  whose  structure  is 
shown  here,  and  vitamin  Ao. 

Vitamin  Ao  is  a  dehydrogenation  ])roduct 
of  Ai  and  occurs  mainly  in  fresh-water 
fishes.  Both  these  substances  are  colorless, 
though^  they  fluoresce  under  ultraviolet 
light.  I  he  ])lant  jirovitamins  are  the  follow¬ 
ing  group  of  hydrocarbon  pigments:  a-, 

and  7-carotenes,  cryptoxanthine,  and  echine- 
none. 
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In  addition,  liver  oils  contain  kitols  (in¬ 
active  divitamins  A),  which  can  be  con¬ 
verted  to  active  forms  by  heating  (57).  The 
plant  provitamins  are  broken  down  and 
oxidized  to  vitamin  A  in  the  liver  by  an 
enzyme,  carotenase  (167),  which  splits  the 
prohydrocarbons  into  two  halves.  This  con¬ 
version  also  occurs  in  the  intestinal  wall. 
iS-Carotene  is  the  most  potent  of  these  plant 
precursors,  because  it  can  theoretically 
yield  2  moles  of  vitamin  A,  whereas  the 
others  can  yield  only  1.  However,  the  actual 
conversion  of  /S-carotene  to  vitamin  A  is  not 
100  per  cent  efficient,  and  the  mechanism  of 
this  conversion  is  not  entirely  known.  In 
severe  liver  disease,  diabetes,  and  hypo¬ 
thyroidism  the  conversion  of  provitamins  A 
into  the  active  form  may  be  impaired. 

The  vitamins  and  provitamins  A  are 
fairly  stable  to  heat  but  are  susceptible  to 
destruction  by  photo-oxidation. 

The  vitamin  A  esters  of  foods  are  hydro¬ 
lyzed  by  esterase  in  the  small  bowel  and  dur¬ 
ing  absorption  are  re-esterified  with  fatty 
acids.  The  plant  provitamins  are  absorbed 
less  readily  and  completely  and  require  bile 
salts  for  the  process.  Unsaturated  fatty 
acids  hasten  their  absorption,  whereas 
mineral  oil  interferes  with  the  process.  The 
tocopherols  have  a  sparing  action  on  vitamin 
A  by  inhibiting  its  oxidative  destruction  in 
the  gastrointestinal  tract.  Ninety-five  per 
cent  of  the  storage  of  vitamin  A  in  mam¬ 
mals  is  in  the  liver,  while  the  provitamins 
are  stored  in  both  liver  and  adipose  tissue. 

fthe  functions  of  vitamin  A  in  biological 
sy^ms  are  not  too  well  known  except  for 
its  role  in  visual  processes  (2v58).  Recently  a 
theory  has  been  proposed  which  claims  that 
vitamin  A  exerts  a  restraining  effect  on  the 
dehydrogenation  of  cholesterol  and  sterols 
to  /3-naphthalenic  compounds.  A  substance 
with  an  absorption  spectrum  like  that  of 
)8-naphthalenic  compounds  has  been  de¬ 
tected  in  the  livers  of  vitamin  A-deficient 
rats.'^  This  theory  is  of  interest,  in  view  of 
the  well-known  acnegenic  nature  of  some 

7.  T.  S.  Lowe,  R.  A.  Morton,  and  R.  G.  Harrison, 
.Vsjiects  of  vitamin  A  deficiency  in  rats.  Nature, 
172:716-19,  1953. 


naphthalene  derivatives  and  the  production 
of  hyperkeratosis  or  X  disease  in  cattle  by 
dietary  intake  of  penta-,  hexa-,  or  octachlo- 
ronaphthalene.* 

The  important  role  of  vitamin  A  in  pre¬ 
venting  keratinizing  metaplasia  of  epithelial 
tissues  has  already  been  considered  on  pages 
382-85.  Observations  and  interpretations  of 
changes  in  vitamii^A  deficiency  in  experi¬ 
mental  animals  were  reported  in  great  de¬ 
tail  in  a  series  of  papers  by  Wolbach  and  co¬ 
workers  (251-56). 

In  summary,  vitamin  A  was  found  essen¬ 
tial  for  (1)  maintenance  of  normal  epi¬ 
thelium  in  the  eye,  in  the  upper  respiratory, 
gastrointestinal,  and  genitourinary  tracts, 
and  in  the  ducts  and  acinar  tissues  of  secre¬ 
tory  glands;  (2)  promotion  of  normal  bone 
and  tooth-enamel  development;  and  (3) 
maintenance  of  the  dark-adaptation  visual 
cycle. 

(t)espite  changes  in  epithelium  at  other 
sites  in  vitamin  A-deficient  animals  (name¬ 
ly,  atrophy  followed  by  keratinizing  meta¬ 
plasia),  cutaneous  alterations,  in  contrast  to 
what  has  been  reported  in  man,  have  not 
been  conspicuous.  Sullivan  and  Evans  (216) 
commented  that,  since  skin  is  already 
atinized,  such  changes  are  not  to  be  ex¬ 
pected.  They  then  showed  that  extensive 
hyperkeratinization  develops  in  rats  if,  be¬ 
fore  vitamin  A  deficiency,  the  skin  is  ren¬ 
dered  atrophic  by  heat-stable  vitamin  B- 
complex  deficiency/'' 

^n  man  the  characteristic,  generally  ac¬ 
cepted  features  of  vitamin  A  deficiency  have 
been  xerophthalmia,  keratomalacia,  nycta¬ 
lopia,  and  follicular  hyperkeratotic  papular 
dermatitis  (phry  noderm  a).  Frazier  and  co¬ 
workers  in  a  series  of  classic  papers  have 
reported  in  considerable  detail  their  ob¬ 
servations  and  opinions  about  human  vita¬ 
min  A  deficiency,  especially  as  it  affects  the 
skin  in  the  Orient  (^^67))  Urbach  {230)  re¬ 
views  in  detail  the  cutaneous  manifestations 

8.  I).  Sikes,  J.  C.  Wise,  and  M.  E.  Bridges,  The 
ex|)erimenlal  production  of  “X  disease”  (hyper¬ 
keratosis)  in  cattle  with  chlorinated  naphthalenes 
and  petroleum  products,  J.  Am.  Vet.  M.  A.,  121: 
337^,  1952. 
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of  vitamin  A  deficiency  in  man  that  have 
been  reported^The  difficulty  in  demonstrat¬ 
ing  the  presence  of  vitamin  A  in  the  skin  is 
discussed  on  page 

Some  doubt  as  to  the  specificity  of  the 
cutaneous  changes  reported  in  man  for  un¬ 
complicated  vitamin  A  deficiency  alone  has 
been  engendered  by  the  failure,  to  produce 
features  of  the  deficient  state  by  vitamin 
A-deficient  experimental  diets  in  volun¬ 
teers  {2{N  as  well  as  by  the  conspicuous 
relativg^^sence  of  cutaneous  changes  in 
vitamin  A  deficiency  in  animals. 

Sjogren’s  syndrome  (20^  has  been  con¬ 
sidered  to  be  a  manifestslaon  of  vitamin  A 
deficiency  (2^10),^^'razier  and  Marmelszadt 
(66)  have  suggested  that  almost  all  skin  dis¬ 
orders  featuring  follicular  hyperkeratotic 
papules  may,  in  the  last  analysis,  prove  to 
be  related  to  faulty  vitamin  A  metabolism 
of  one  sort  or  another.  Others,  however, 
claim  that  follicular  hyperkeratosis  is  char¬ 
acteristically  seen  on  exposure  to  cold  or  in 
general  caloric  undernutrition  and  that 
vitamin  A  or  C  deficiencies  merely  sensitize 
the  skin  to  these  effects  of  cold  or  semi¬ 
starvation.®  Still  others  have  recently  re¬ 
viewed  the  evidence  against  vitamin  A  as 
the  cause  of  phrynoderma  and  find  that,  in 
rats,  phrynoderma-like  changes  are  more 
consistently  j^roduced  by  essential  fatty- 
acid-deficient  diets  than  by  vitamin  Er  or 
vitamin  A  deficiency.^®/ 

The  claim  by  Kaunitz  and  Slanetz  that  a 
vitamin  A-free  lard  distillate  could  prevent 
vitamin-deficiency  keratomalacia  in  rats“ 
has  recently  been  retracted  by  these  au¬ 
thors,  working  with  Herb  and  Riemen- 
schneider,  after  they  demonstrated,  on  more 

'^9.  R.  McCance  and  .\.  M.  Barrett,  The  effect 
of  undernutrition  on  the  skin,  in:  Studies  in  under¬ 
nutrition,  Wuppertal  1946-9,  pp.  83-96  (Special 
Rei)ort  Ser.  Medical  Research  Council,  No  275 
[1951]). 

10.  V.  Ranialingaswami  and  H.  M.  Sinclair,  The 
relation  of  deficiencies  of  vitamin  A  and  of  essential 
fatty  acids  to  follicular  hyperkeratosis  in  the  rat 
Brit.  J.  Dermat.,  65:1-21,  1953. 

11.  H.  Kaunitz  and  C.  A.  Slanetz,  An  unknown 

factor  with  vitamin  A  activity  distilled  from  lard  T 
Nutrition,  42:375-89,  1950.  ’ 
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careful  analysis,  the  jtresence  of  “typical 
vitamin  A”  in  the  lard  distillates  used.^® 
/Hypervitaminosis  A  may  cause  disturb¬ 
ances  in  growth  of  keratinous  structures 
(104),  in  addition  to  systemic  disturbances 

{im. 

5.  Vitamin  D 


Windaus  et  al.  (247)  demonstrated  that 
ultraviolet  light  irradiation  of  5-6,  7-8  un¬ 
saturated  sterols  or  provitamins  produces 
fat-soluble  substances  with  vitamin  D  po¬ 
tency  after  Steenbock  and  Black  (212)  and 
Hess  and  Weinstock  (96)  had  shown  that 
ultraviolet  irradiation  of  food  materials  im¬ 
parts  vitamin  D  activity  to  them.  Of  these 
D  vitamins,  calciferol  (vitamin  D2,  vi- 
osterol),  produced  by  irradiation  of  ergos- 
terol,  a  vegetable  sterol,  and  vitamin  D3 
(found  in  fish-liver  oils),  formed  by  irradia¬ 
tion  of  dehydrocholesterol,  are  biologically 
the  most  important  and  are  widely  used  for 
the  cure  and  prevention  of  rickets,  the  spe¬ 
cific  vitamin  D -deficiency  syndrome.  Their 
structures  are  shown  on  the  following  page. 

Unlike  fat-soluble  vitamin  A,  the  D  vita¬ 
min  preparations  are  relatively  stable  to 
oxidation.  Biologically,  vitamin  D  plays  an 
important  role  in  calcium  and  phosphorus 
metabolism.  There  is  evidence  that  this  is  at 
least  partly  based  on  an  enhancing  action 
upon  calcium  absorption  from  the  intestine 
(164,  77).  Although  no  specific  cutaneous 
effects  have  been  ascribed  to  vitamin  U  de¬ 
ficiency,  there  are  some  important  relation¬ 
ships  of  this  vitamin  to  the  skin.  First,  the 
antirachitic  effect  of  sunlight  irradiation  is 
based  upon  conversion  of  vitamin  D  pre¬ 
cursors  in  the  surface  lipid  film  to  active 
forms,  which  are  then  either  ingested  or  ab¬ 
sorbed  ])ercutaneously.  Second,  vitamin  Da 
therapy  has  been  variably  claimed  to  be 
beneficial  in  a  number  of  skin  disorders,  in¬ 
cluding  psoriasis  (30,  24,  125,  260,  50) 
scleroderma  (39,  173), pemphigus  (225,  135)’ 
and  sarcoidosis  (40,  182,  163),  and  has 
definitely  proved  to  be  of  value  in  lupus  vul- 


Kaunitz  and  C.  A.  Slanetz,  Nature  of  the  “vitamin 
1953  51:39.1-492, 


Vitamin  D*  (calciferol) 


CH,  CH3 

('H-CH2-CH2-CH2-CH-CH3 


Structural  formulae  of  the  jtrincipal  vitamins  I) 
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garis  (47,  32).  In  this  latter  disease,  the  ben¬ 
eficial  effect  solely  against  cutaneous  forms 
of  tuberculosis  is  not  a  direct  one  against  the 
bacilli  but  rather  an  indirect  action  probably 
based  on  specific  electrolyte  changes  in¬ 
duced  in  the  skin.  This  latter  concept  recalls 
the  old  Gerson  low-salt  dietary  regimen  for 
this  disease  (j).  498). 

6.  Vitamin  E 

The  fat-soluble,  heat-stable  vitamins  of 
the  E  series  are  chroman  derivatives,  as 
illustrated  by  the  structure  of  a-tocopherol, 
the  most  active  member  of  the  series,  shown 
here: 
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These  substances  act  as  i)otent  antio.xidants 
in  fatty  material.  Their  biochemical  activity 
otherwise  is  not  well  understood.  Plant  oils 
are  rich  sources  of  tocopherols,  wheat-germ 
oil  being  a  particularly  potent  source. 

No  specific  cutaneous  functions  are 
known.  Human  vitamin  E  deficiency  has 
not  been  described. 

Tocopherol  therai)y  has  been  proposed 
for  a  vast  array  of  diseases,  including  skin 
disorders  of  many  kinds;  but  initial  expecta¬ 
tions  for  their  value,  especially  in  lupus 
erythematodes,  necrobiosis  lipoidica  dia¬ 
beticorum,  and  ])hlebitic  diseases  (199,  2vS), 
have  not  survived  well  the  test  of  time. 


Cl  I:. 


CIE 


CH; 


a-Tocopherol 


Cl  I, 


CIIh 


CM  3 


jS-Tocopherol 


CH3 


6-Tocopherol 

Structural  formulae  of  the  tocopherols  (vitamin  E) 


In  animals  they  have  im])ortant  roles  in  the 
reproductive  and  muscular  systems  (60). 

The  chemistr\^  and  synthesis  of  vitamin 
E  were  elucidated  through  the  work  of 
Evans,  et  al.  (56)  and  Karrer  et  al.  (116). 


7.  Vitamin  K 

Vitamins  of  the  K  series  are  fat-soluble, 
heat-stable,  yellow  derivatives  of  1,4-naph¬ 
thoquinone,  which  are  easily  oxidized  in  the 
presence  of  light.  .\  synthetic  member  of  the 


6H4 
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series,  2-methyl-l, 4-naphthoquinone  (men¬ 
adione),  is  the  most  potent  (8). 

The  only  known  specific  function  of  this 
vitamin  is  the  maintenance  of  the  hepatic 
prothrombin  synthesis  so  necessary  for 
normal  blood  clotting  (206,  4,  123,  160,  42). 


derivatives  and  related  compounds,  such  as 
dicumarol  (170),  also  deserves  mention  here. 

C.  ESSENTIAL  FATTY  ACIDS 

Knowledge  of  the  nutritional  role  of  un¬ 
saturated  fatty  acids  commenced  in  1929 


Vitamin  Ki 


0-P=0 

^ONa 


Tetrasodium  2-methyl- 1,4- 
naphthohydroquinone  diphosphoric 
acid  ester  (“Kappadione,”  Synkayvite) 


o 

I 


0=S-0-Na 

2-.Methyl-I,4-naphth<)(|uinoiic 
sodium  bisulfite  (Hykinone) 


OH 

NH3+C1- 


2-Methyl-4-amino-l-naphthol 
hydrochloride  (Synkamin) 


Structural  formulae  of  some  substances  having  vitamin  K  activity 


Vitamin  K  deficiency  in  animals  and  man  is 
characterized  by  hemorrhagic  jihenomena 
which  may  cause  extensive  purjmra  in  the 
skin  (115).  Bile  salts  are  necessary  for  the 
intestinal  absorjition  of  vitamin  K,  as  well 
as  for  the  absorption  of  the  other  fat-soluble 
vitamins. 

The  well-known  antagonism  of  vitamin 
K  to  the  anticoagulant  action  of  coumarin 


with  the  descrijition  by  Burr  and  Burr  (26) 
of  a  disease  syndrome  in  rats  produced  by  a 
fat-free  diet.  This  syndrome  consisted  of 
growth  failure  after  4-5  months  and  renal 
and  skin  lesions.  Ten  drops  of  lard  daily 
cured  all  manifestations  of  this  deficiency. 
Linoleic  acid  was  then  specifically  found 
curative  (26),  and  later  linolenic  and  arachi- 
donic  acids  were  found  able  to  substitute 
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for  linoleic  acid  in  growth  promotion.  The 
structures  of  these  fatty  acids  are  illustrated 
in  the  formulae  below: 


Hansen  and  Finnerud  et  al.  claimed  benefit 
especially  in  those  cases  where  the  iodine 
number  of  serum  fatty  acids  was  low.  Lard 


CHs  (CH2)  4CH-CHCH2CH=CH  (CH2)  7COOH 

Linoleic  acid 

(TT3CH2CH=CHCH2CH=CHCH2CH=CH  (CH2)  7COOH 

Linolenic  acid 

CH3(CH.),CH=CHCH,CH=CHCH,CH=CHCH,CH=CH  (CH,),C00H 

Arachidonic  acid 


Biochemically,  the  functions  of  the  essen¬ 
tial  fatty  acids  are  not  clear,  but  Schoen- 
heimer  (192)  has  shown  that,  in  contrast  to 
other  fatty  acids,  these  essential  ones  cannot 
be  synthesized  within  the  body.** 

Rats  on  essential  fatty-acid-deficient 
diets  consume  unusually  large  amounts  of 
water  (26).  After  several  months  they  de¬ 
velop  scaling  dermatitis,  especially  on  the 
feet,  ears,  and  tail,  and  sometimes  alopecia 
also.  The  skin  changes  have  been  claimed  to 
be  identical  with  those  of  rat  acrodynia  re¬ 
sulting  from  pyridoxine  deficiency  (78,  13, 
177).  The  relationship  of  these  factors  to  one 
another  is  reviewed  by  Gross  (78). 

Mice  show  skin  changes  from  essential 
fatty-acid  deficiency  similar  to  those  seen  in 
rats  (242).  Young  dogs  on  such  deficient 
diets  (90)  also  develop  flaking  desquamation 
of  the  skin  and  show  coarse,  dry  hair,  in 
addition.  Croton  oil  also  more  readily  irri¬ 
tates  the  skin  of  such  deficient  dogs,  and 
the  iodine  number  of  their  serum  fat  is  low, 
whereas  the  skin  fat  shows  no  change  from 
normal  in  iodine  number. 

In  man  there  have  been  claims  by  Hansen 
(89),  Cornbleet  (38),  and  Finnerud  et  al. 
(58),  among  others,  of  beneficial  effects  of 
essential  fatty  acids  in  some  cases  of  derma¬ 
titis,  especially  infantile  eczema  and  atopic 
dermatitis.  However,  Taub  and  Zakon 
(224),  Epstein  and  Click  (54),  and  Ginsberg, 
Bernstein,  and  lob  (72),  among  others,  failed 
to  note  improvement  with  such  therapy. 

13.  For  possible  synthesis  in  the  skin  see  p.  318. 


feeding  was  found  to  cause  a  rise  in  these 
low  iodine-number  values. 

The  popularity  of  internal  lard  therapy 
of  dermatitis  at  the  present  time  appears  to 
be  waning.  In  the  writer’s  own  experience 
neither  topical  nor  internal  lard  therapy  had 
any  specific  beneficial  effect  on  atopic  der¬ 
matitis. 

D.  MINERALS  AND  TRACE  ELEMENTS 

At  least  eighteen  elements  of  the  periodic 
table  are  known  to  be  essential  dietary  fac¬ 
tors  for  animals  (60).  In  the  following  dis¬ 
cussion  of  the  cutaneous  relationships  of 
these  essential  elements,  the  basic  struc¬ 
tural  elements  of  all  tissues — carbon,  hydro¬ 
gen,  nitrogen,  oxygen,  phosphorus,  and 
sulfur — and  the  three  elements  most  funda¬ 
mental  among  body  fluid  electrolytes — 
sodium,  potassium,  and  chlorine — will  not 
be  further  commented  upon  here.  Of  the  re¬ 
maining  nine  essential  elements,  dietary  de¬ 
ficiencies  of  four — calcium,  magnesium, 
zinc,  and  copper — have  obvious  direct  cu¬ 
taneous  repercussions,  whereas  specific  de¬ 
ficiencies  of  the  other  five — fluorine,  iodine, 
manganese,  iron,  and  cobalt — have  not  been 
reported  to  have  such  direct  primary  cu¬ 
taneous  effects  and  so  will  not  be  discussed. 
Other  elements,  of  course,  besides  these 
essential  ones  occur  in  the  skin,  including 
aluminum,  silicon,  nickel,  arsenic,  rubidium, 
lead,  silver,  boron,  titanium,  and  strontium. 
Goldblum,  Derby,  and  Lerner  (74)  have 
recently  estimated  the  relative  and  absolute 
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amounts  of  metals  in  skin,  hair,  and  nails. 
Their  results  are  summarized  in  Tables  2 
and  3. 

1.  Calcium 

Calcium,  besides  its  major  roles  in  the 
skeletal  system  and  in  the  ])hysiology  of 
blood  coagulation  and  muscle  and  nerve  ir¬ 
ritability,  ap])ears  to  have  an  important 
function  in  controlling  capillary  permeabil¬ 
ity  via  the  “intercellular  cement  substance,” 
which  is  probably  a  calcium  proteinate  (31, 


cussion  of  the  role  of  calcium  in  relationshij) 
to  the  skin  is  given  on  page  503. 

2.  Magnesium 

Magnesium  deficiency  was  first  studied 
by  McCollum  and  co-workers  in  the  rat 
(147).  This  element  is  present  in  all  tissues 
largely  as  an  intracellular  component,  being 
second  only  to  potassium  in  mineral  con¬ 
centration.  It  has  effects  on  nerve  and 
muscle  irritability  opjjosite  to  those  of  cal- 


T.\BLE  2 


Metals  Associated  with  Exzymes  (Per  Cent  of  Dry  Tissue)  (74) 


Metal 

Skin 

Nails 

Hair 

Zn . 

2.0  X 10-3  to  6.78X10-2 

1.16X10-2  to  3.08X10-' 

6.4  X 10-3  to  5.62X10-2 

Mg . 

1.0  XlO-3  to  1.5  XlO-2 

2.3  X 10-3  to  1.10X10-2 

1.0  XlO-3  to  1.01X10^ 

Cu . 

7.43X10-no  8.8  XlO-3 

9.4  XIO-^  to  8. 1  XlO-3 

3. 12X10-3  to  1.28X10-2 

Ee . 

9.0  X10-2to5.9  XlO-3 

1.8  Xl0-3to6.5  XlO-3 

8.4  XlO-2  to  1. 1  XlO-3 

Mn . 

2.4  X10-2to6.1  XlO-2 

6.3  X10-3to3.3  XlO-2 

1.0  Xl0-2to5.5  X 10-12 

Metal 


Si. 

Pb 

H 

Ti 

Sr. 

Ag 

Al. 


TABLE  3 

Inert  Metals  (Per  Cent  of  Dry  Tissue)  (74) 


Skin 


0.64  to  2  . 14 

2.52X10-2  to  1 .34X10-1 
1.7  XlO-2  to  1.72X10-2 
1.06X10-^  to  2. 77X10-1 

3.2  XlO-2  to  4  5  xi0-« 
1.7  XIO-^  to  4.5  XlO-8 

5.3  X 10-”  to  4. 5  XI 0-1 


Nails 


1.7  XlO-i  to5.4Xl0-* 

9.7  XlO-3  to  2.4X10-2 
7.0  XlO-i  to  6.0X10-2 

1.63X10-2  to  3.9X10-2 
1.6  X10-’  to  3.3X10-2 

4.8  XlO-2  to  6.5X10-2 
4.5  X10-”  to  5.3X10-2 


Hair 


3  XlO-2  to  3.6X10-1 
4.1X10-2  to  1.0X10-2 
2.0X10-'  to  8.0X10-1 

3.2X10-2  to6. 4X10-2 
2.2X10-2  to9. 1X10-2 
4.8X10-^  to  4.5X10-2 
5.5X10-12  to  2. 1X10-2 


262)  (p.  64).  In  experimental  dietary  cal¬ 
cium  deficiency  in  rats  (17,  18,  16)  and  dogs 
(151)  widesjFread  hemorrhages  are  a  con¬ 
spicuous  feature,  jirobably  as  a  consequence 
of  weakened  cajtillary  walls. 

Interest  in  the  cutaneous  role  of  calcium 
was  early  stimulated  by  Luithlen  s  (141) 
observation  that  excess  calcium  adminis¬ 
tered  to  animals  decreased  the  skin’s  re¬ 
activity  to  inllammatory  stimuli.  Klauder 
and  Brown  (122)  later  i>artially  confirmed 
this  inverse  relationship  between  skin  cal¬ 
cium  content  and  irritability,  although  no 
such  relationship  of  skin  irritability  to  blood 
calcium  levels  could  be  shown,  k  urther  dis- 


cium.  Biochemically,  magnesium  functions 
catalytically  for  a  number  of  enzymes,  in¬ 
cluding  i)hosi)hatases,  phosphorylases,  leu- 
cylpeptidase,  enolase,  glucophosphomutase, 
and  carboxylase.  The  outstanding  features 
of  magnesium  deficiency  in  the  rat  (127)  and 
dog  (168)  include  changes  in  the  skin,  kid¬ 
neys,  liver,  vascular  system,  and  teeth  and 
hyperirritability  of  the  neuromuscular  sys¬ 
tem.  . 

Sullivan  and  Evans  (214)  reported  in  de¬ 
tail  the  cutaneous  lesions  in  rat  magnesium 
deficiency.  After  1  week  of  dietary  mag 
nesium  deiiletion,  erythema  and  edema  de- 
velojFed  on  the  ears,  paws,  and  trunk.  Later, 
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a  layer  of  thickened  ei)itheHum^  ^  l’^''^‘‘^''>’  keratinized  cells  overlyin 

ence  of  the  sebaceous  glands;  in  fact  IheTe  rT;  ^  hair  follicles,  with  persis 

This  animal  had  been  on  a  zinc-delicie'nt  diet  for  74  da  v  ^  comparison  with  the  norma 

author  and  Charles  C  Thomas.)  ^  ^  (l^eproduced  by  permission  of  th 
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loosely  laminated  hyperkeratosis  and  patchy 
acanthosis  occurred,  with  individual  epi¬ 
dermal  cells  becoming  vacuolated  and  show- 
^•^8  pyknotic  nuclei.  No  changes  were  ob¬ 
served  in  the  sweat  and  sebaceous  glands. 
Curiously,  despite  these  changes,  the  mag¬ 
nesium  content  of  the  skin  was  not  de¬ 
creased  below  normal  levels,  although  serum 
magnesium  levels  were  reduced  (215).  These 
workers  were  unable  to  confirm  the  claim 
(229)  that  vitamin  B  influences  the  signs  of 
magnesium  deficiency.  MacCardle  et  al. 
(144,  143)  reported  that  the  magnesium 
content  of  the  skin  is  low  in  chronic  dis¬ 
seminated  neurodermatitis  (p.  510). 

3.  Zinc 

Zinc  functions  as  a  cofactor  for  several 
enzymes,  including  carbonic  anhydrase 
(119),  uricase  (98),  and  phosphatases  (35, 
103).  Cell  nuclei  have  higher  zinc  concentra¬ 
tions  than  the  cytoplasm  does  (57).  The 
liver  and  pancreas  appear  to  be  particularly 
concerned  with  zinc  metabolism  on  the  basis 
of  studies  with  radioactive  zinc  (197,  198, 
159). 

Todd,  Elvehjem,  and  Hart  in  1931  (228) 
first  demonstrated  that  zinc  is  essential  in 
the  diet  of  rats,  and  many  further  studies  on 
the  basis  of  this  work  have  followed  (45, 
104,  234,  101,  102,  44).  Rats  kept  on  a  diet 
containing  only  1.6  parts  zinc  per  million 
developed  growth  disturbance,  skin  changes, 
and  alopecia,  all  of  which  could  be  reversed 
by  the  daily  addition  of  100  y  of  zinc  to  the 
diet.  On  the  deficient  diet,  weight  gain 
ceased  after  2-3  weeks,  and  alopecia,  to¬ 
gether  with  a  scaly  dermatosis,  commenced 
about  1  week  later.  Histologically  (61), 
acanthosis  and  heavy  parakeratotic  scales 
are  found  in  the  skin.  Vacuolization  of  some 


e{)idermal  cells  with  ])yknosis  of  their  nuclei 
also  occurs.  There  is  a  severe  atrophy  of  the 
hair  follicles,  while  the  sebaceous  glands,  by 
way  of  contrast,  show  a  striking  hyper- 
I)lasia  (Fig.  5).  Changes  on  the  posterior 
tongue  and  palate  are  somewhat  reminiscent 
of  those  of  early  leukoplakia.  The  zinc  con¬ 
tent  of  the  skin  in  beriberi  has  been  claimed 
to  be  low  (57). 

Zinc  deficiency  in  man  probably  never 
occurs,  because  of  the  widespread  distribu¬ 
tion  of  zinc  in  food. 

Gross  (80)  studied  the  toxic  effects  of  zinc 
in  the  rat  and  noted  that  chronic  excess 
dietary  zinc  intake  led  to  the  development 
of  skin  changes  identical  with  those  de¬ 
scribed  in  pantothenic  acid  deficiency  and 
found  that  pantothenic  acid  cured  this  zinc 
toxicity  syndrome. 

4.  Copper 

Copper  was  proved  to  be  an  essential 
nutrient  in  1928  by  Hart,  Steenbock,  Wad¬ 
dell,  and  Elvehjem  (93).  It  functions  in 
some  unknown  way  as  an  essential  factor  for 
hematopoiesis.  Biochemically  it  is  an  im¬ 
portant  cofactor  for  several  enzymes  (150). 
Copper  deficiency  causes  primarily  severe 
anemia  and  growth  retardation.  Achromo- 
trichia,  hair  disturbances,  and  widespread 
degeneration  of  myelin  (150)  have  also  been 
noted.  The  latter  has  been  observed  only  in 
sheep. 

The  relationship  of  copper  deficiency  to 
deficient  melanin  formation  and  keratiniza- 
tion,  as  well  as  the  role  of  excess  molybde¬ 
num  intake  in  producing  copper  deficiency, 
has  already  been  discussed  on  pages  530  and 
371.  The  possible  relationships  between  pan¬ 
tothenic  acid  and  copper  have  also  been 
considered  elsewhere  (pp.  541  and  672). 
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Pathophysiology  of  Blister  Formation 


1.  Separation  at  the  Epidermal-dermal  Junction 

II.  Separation  between  Basal-Cell  Layer  and  Rete 

III.  Separation  above  the  Basal  Layer  (Intraepidermal 
Blister  Formation) . 
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1.  SEPAR.ATION  AT  THE  EPIDERMAL-DERMAL  JUNCTION 


Mechanical  factors  jilay  a  paramount 
role  in  the  adherence  of  the  epidermis 
to  the  corium.  The  elaborate  system  of 
interdigitations  makes  it  difficult  for  the 
two  layers  to  change  their  positions  relative 
to  each  other.  Two  levels  of  interdigitations 
can  be  distinguished:  (a)  the  pajiillae  and 
interpapillary  ridge  system  and  (b)  a  fine 
digitation  of  basal  cells  which  project  slen¬ 
der  processes  into  the  connective-tissue 
(“root  feet”  or  Basalzellfiisschen)  (28)  (Fig. 
1).  This  junction  can  be  likened  to  the  so- 
called  “mechanical  joint,”  where  the  film  of 
an  adhesive  substance  becomes  imbedded  in 
the  pores  of  the  surfaces  joined.  Such  a 
junction  is  more  stable  than  if  no  pores  are 
yiresent  (1,  11).  Furthermore,  there  is  his¬ 
tologic  evidence  that  some  reticular  fibers  of 
the  dermis  penetrate  into  the  intercellular 
spaces  of  the  epidermis  (29,  39),  thus  adding 
an  additional  mechanical  factor. 

The  adherence  can  be  overcome  by  me¬ 
chanical  means.  In  human  skin  clear  separa¬ 
tion  can  be  achieved  by  energetic  suction 
(6)  or  by  forceful  stretching  (45).  In  mouse 
skin,  too,  stretching  facilitates  separation 
(38).  Flesch  et  at.  (15,  14)  achieved  separa¬ 
tion  in  laboratory  animals  after  application 
to  the  skin  of  a  group  of  unsaturated  organic 
compounds. 

I  he  strength  of  the  adherence  at  the  junc¬ 


tion  is  individually  different.  A  genetically 
induced  extreme  degree  of  deficient  adher¬ 
ence  is  exemjfiified  in  the  dystrophic  form  of 
epidermolysis  bullosa. 

Whether,  in  addition  to  mechanical  fac¬ 
tors,  there  are  other  physicochemical  forces 
holding  the  two  layers  together  is  not  clear, 
because  separation  by  apparently  purely 
chemical  means,  such  as  peptic  (43)  and 
tryptic  (24)  digestion,  by  acids  and  by  neu¬ 
tral  salts  (11),  might  be  based  primarily  on 
differential  swelling  of  the  two  layers;  this 
again  would  mean  mechanical  displacement 
of  papillae  and  interpapillary  ridges  from 
one  another.  This  might  be  true  also  in  the 
case  of  heat  separation  (2). 

If  one  seyiarates  the  epidermis  from  the 
dermis  by  any  method,  one  is  impressed  by 
the  stickiness  of  the  dermal  surface  and 
finds  it  difficult  to  dismiss  the  role  of  this 
stickiness  in  the  adherence.  Since  the  dis¬ 
covery  that  an  ayijiarently  homogeneous 
basement  membrane  exists  on  top  of  the 
dermis  (1/,  37)  (p.  436)  and  that,  according 
to  histochemical  evidence,  this  membrane 
consists  mainly  of  mucopolysaccharides,  one 
might  think  that  the  stickiness  is  due  to  the 
presence  of  these  highly  viscous  compounds 
and  that  the  stickiness  must  decrease  (de¬ 
polymerization?)  when  separation  occurs. 
However,  such  a  conclusion  is  not  war- 
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Fig.  1.  Section  of  human  skin,  showing  the  intercligitations  at  the  junction  of  the  epidermis  and  corium 
after  se])aration.  From  Felsher  (11).  (Reproduced  by  permission  of  the  Williams  &  Wilkins  Company.) 


Fig.  2.— Section  of  human  skin  which  has  been  treated  with  a  neutral  salt  solution 
swelling  of  the  collagenous  librils  after  separation.  From  Felsher  (11).  (Reproduced  by 
Williams  &  Wilkins  Company.) 


,  showing  marked 
jiermission  of  the 
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ranted,  because  {a)  the  basement  membrane 
also  contains  nonmucopolysaccharide  ma¬ 
terial,  such  as  reticular  and  elastic  fibers; 
{b)  a  similar  stickiness  is  also  present  in 
deeper  layers  of  the  corium;  and  (c)  collagen 
is  known  to  have  considerable  cohesive  and 
adhesive  projierties  (11).  What  hapjiens  to 
the  basement  membrane  when  there  is 
blister  formation  at  the  junction  is  hard  to 
say,  because  it  does  not  show  any  morpho¬ 
logical  changes,  particularly  no  swelling. 
The  apparently  unchanged  basement  mem¬ 
brane  remains  on  toj)  of  the  dermis  (36). 
Conversely,  in  many  instances  of  junction 
separation  the  collagen  fibers  apjiear  to  be 
in  a  swollen  state  (Fig.  2). 

Whether  proteolytic  enzymes,  when  sep¬ 
arating  the  two  layers,  act  by  depolymeriz- 
ing  mucojiolysaccharides  or  by  proteolyzing 
collagen  is  not  known.  They  can  do  both 
(17,9). 

In  favor  of  the  assumption  that  it  is  col¬ 
lagen  which  is  altered  or  decomposed  when 
separation  is  achieved  by  chemical  means 
are  the  findings  on  separation  with  acids. 
Separation  can  be  achieved  at  pH  3.4  (11). 
.\t  this  pH  the  swelling  and  hydrolysis  of 
collagen  is  considerable  (22),  while  muco¬ 
polysaccharides  apparently  swell  very  much 
less  at  this  i)H,  because  it  is  close  to  the 
isoelectric  point  of  the  ground  substance, 
pH  3. 8-4. 2  (9).  Sejmration  by  alkalies  is 
also  j)ossible  (2). 

Separation  by  neutral  salts  (Fig.  2),  as 
studied  by  helsher  (11),  strongly  indicates 
that  swelling  and  subsequent  peptization  of 
collagen  j)lay  a  decisive  role  in  breaking 
the  adherence.  Felsher  demonstrated  that 
anions  of  neutral  salts  are  increasingly  ef¬ 
fective  in  the  same  order  as  they  swell 
gelatin.  The  most  effective  anions  are  thio¬ 
cyanates  and  iodides.  In  order  of  decreasing 
effectiveness,  bromides  >  chlorides  >  ace¬ 
tates  >  sulfates  >  citrates  follow.  This  order 
corresponds  with  the  lyotroi)ic  series  of 
Hofmeister,  who  found  this  order  while  ex¬ 
perimenting  on  the  swelling  of  gelatin  (p. 
405).  The  anions  at  the  end  of  the  series 
particularly  citrate,  instead  of  facilitating 
separation  by  swelling,  increase  the  adher¬ 


ence  because,  instead  of  swelling,  they  cause 
shrinking  mainly  by  dehydration  (11). 

The  cationic  series  of  Hofmeister  is  cal¬ 
cium  >  lithium  >  sodium  >  potassium  in 
order  of  decreasing  swelling  capacity.  The 
ejiidermis  is  separated  in  the  same  order  in 
chloride  solutions  of  these  cations. 

Still  one  cannot  be  sure  whether  these 
neutral  salts  act  on  collagen  or  on  the 
ground  substance  or  on  both.  According  to 
histological  findings  of  Kaye  and  Lloyd  (18), 
neutral  salt  solutions  cause  swelling  of  both 
ground  substance  and  collagen  fibers. 

The  dermatological  significance  of  Fel- 
sher’s  findings  lies  in  their  applicability  to 
blister  formation  in  dermatitis  herpetifor¬ 
mis.  In  this  blistering  disease,  all  or  most 
blisters  form  by  separation  at  the  epidermal- 
dermal  junction  (21).  In  a  great  number  of 
patients  with  dermatitis  herpetiformis,  blis¬ 
ters  can  be  provoked  by  local  or  systemic 
administration  of  iodides.  Felsher  (12) 
showed  that  thiocyanates  are  as  effective  or 
occasionally  even  more  effective  in  this  re¬ 
spect.  Therefore,  he  assumed  that  in  this 
disease  the  junction  is  pushed  toward  a 
loosened  state  through  some  swelling  and  or 
peptization  process  by  the  unknown  causa¬ 
tive  agent  and  that  an  additional  push  in 
this  direction  by  thiocyanates  or  iodides 
will  bring  about  complete  separation.  This 
interpretation  e.xplains  why  bromides,  too, 
sometimes  have  a  blister-provoking  effect  in 
this  disease. 

The  significance  of  these  findings  is  not 
diminished  by  claims  that  iodide  sensitivity 
is  not  a  constant  phenomenon  in  dermatitis 
herpetiformis  and  that  it  is  not  specific  for 
dermatitis  herpetiformis,  either,  and  there¬ 
fore  has  no  diagnostic  value.  All  this  might 
be  true.  Irregularities  can  be  well  explained 
by  different  degrees  of  the  basic  swelling 
state  in  different  individual  cases.  Moreover, 
the  testing  method  of  ai)j)lying  potassium 
iodide  in  an  ointment  to  the  skin  is  not  an 
ideal  method,  because  of  the  variable  pene¬ 
tration  of  iodides  through  intact  skin;  very 
little  penetrates,  if  any  (}>.  36).  Of  course,  a 
similar  loosening  jirocess  may  take  place 
occasionally  in  other  blistering  diseases.  No 
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specificity  of  the  loosening  effect  by  a  single 
causative  agent  is  postulated. 

Certainly,  the  nature  of  the  iodide  (and 
bromide)  sensitivity,  if  and  when  it  occurs 
in  blistering  skin  diseases,  has  been  com- 

II.  SEP.\R.\T10N  BETWEEN  B 

An  observation  of  Felsher  (11)  proved 
that  the  cohesive  forces  between  basal-cell 
layer  and  rete  differ  from  those  within  the 
rete  and  from  those  at  the  epidermal-dermal 
junction.  He  treated  excised  human  skin 


pletely  clarified  by  Felsher’s  work  (12),  in 
which  he  demonstrated  the  equal  effective¬ 
ness  of  thiocyanates.  Earlier  theories  of  a 
true  iodide  “allergy”  or  even  of  some  thy¬ 
roid  disease( !)  have  become  obsolete. 

ASAL-CELL  LAYER  AND  RETE 

tive  to  such  treatment  than  is  the  adhesion 
of  the  rete  to  the  basal  cells. 

Because  of  the  morphologically  fairly 
good  state  in  which  the  basal  cells  were  left 
behind,  one  may  also  assume  that  the  ma- 
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Pjg  3  —Section  of  human  skin  treated  with  half-saturated  calcium  hydroxide  solution  at  pH  12,  showing 
the  basal  cells  still  adhering  to  the  corium.  From  Felsher  (11).  (Reproduced  by  permission  of  the  Williams 
&  Wilkins  Company.) 


with  half-saturated  calcium  hydroxide  solu¬ 
tion  at  pH  12  and  found  that  the  basal  cells 
remained  adherent  to  the  dermis,  while  the 
rest  of  the  epidermis  was  separated  (Fig.  3). 
d'hereby  he  demonstrated  that  the  adhesion 
between  epidermis  and  corium  is  less  sensi- 


terial  connecting  the  basal  layer  to  the  rete 
is  more  sensitive  to  treatment  with  lime 
water  than  are  the  basal  cells  themselves. 
The  reason  why  the  basal  layer  remains  ad¬ 
herent  while  the  rete  is  washed  off  remains 
to  be  investigated. 


HI.  SEPARATION  ABOVE  THE  BASAL  LAYER  (INTRAEPIDERMAL 

BLISTER  FORMATION) 


If  there  is  damage  to  the  superficial 
minute  vessels  of  the  skin,  with  leakage  of 
])lasma  or  serum  through  the  vessel  walls, 
the  fluid  enters  intracellular  si)aces  in  the 


e{)idermis  and  may  separate  cell  layers  or 
single  cells  from  one  another  simply  by 
pressure.  Blister  formation  in  i)hysical  and 
chemical  burns  could  have  such  a  media- 
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nism,  although  primary  chemical  effects  on 
the  epidermis  have  never  been  excluded.  On 
the  contrary,  evidence  is  accumulating  that 
primary  epidermal  damage  contributes  to 
the  disintegration  of  epidermal  cells  when 
blisters  are  formed.  The  fact  that  urticarial 
wheals  and  inflammatory  papules  in  most 
cases  do  not  blister,  in  spite  of  the  accumu¬ 
lation  of  large  amounts  of  fluid  in  the  papil¬ 
lary  layer,  suggests  that  epidermal  blisters 
can  hardly  be  produced  merely  by  hydro- 
dynamic  pressure  of  accumulated  fluid,  as 
was  assumed  by  Percival  and  Hannay 
(dO). 

To  explain  intraepidermal  blister  forma¬ 
tion  by  pressure  from  inflammatory  exu¬ 
dates  is  most  difficult  in  the  case  of  so-called 
“spongiotic  blistering”  as  it  occurs  in  the 
eczematous  type  of  dermatitis.  In  spongiosis 
there  is,  first,  a  widening  of  the  intercellular 
canals  in  the  rete,  apparently  by  fluid  ac¬ 
cumulation;  the  intercellular  bridges  are 
stretched  and  finally  broken.  Thereby  the 
cells  become  separated  from  one  another, 
and,  as  this  disintegration  progresses,  first 
microscopic  and  later  macroscopic  cavities 
form  which  are  filled  with  fluid.  Morpho¬ 
logically,  the  process  looks  as  if  it  were  based 
on  fluid  accumulation  and  pressure.  But  it  is 
improbable  that  the  fluid  stems  from  dam¬ 
aged  blood  vessels,  because,  first,  spongiotic 
vesicles  often  ap])ear  first  in  the  upper  half 
of  the  rete  without  any  derangement  of  the 
lower  half,  and,  second,  spongiotic  vesicula- 
tion  by  no  means  parallels  the  vascular  dam¬ 
age.  A  remarkable  observation  was  made 
lately  by  Bizzozero  (5),  who  found  that 
more  intense  spongiosis  can  be  produced  by 
croton  oil  if  it  is  applied  from  the  outside 
than  if  injected  intradermally,  although  the 
latter  form  of  application  is  likely  to  cause 
considerably  more  vascular  damage. 

Altogether,  spongiotic  reaction  is  known 
to  occur  more  frequently  following  the  ap¬ 
plication  of  irritative  substances  from  the 
outside  than  under  any  other  condition.  If 
fluid  accumulates,  it  i)robably  comes  from 
damaged  epidermal  cells.  If  the  cell  mem¬ 
brane  is  damaged,  it  may  become  ab¬ 
normally  permeable  to  salts;  and  if  the 


electrolyte  concentration  of  intercellular 
spaces  increases,  osmotic  forces  will  drive 
water  from  the  ceils  into  these  s])aces. 

While  this  is  pure  speculation,  it  seems 
reasonable  to  assume  at  least  that  spongi¬ 
otic  vesiculation  has  a  mechanism  quite  dif¬ 
ferent  from  other  types  of  blistering,  first, 
because  of  its  relatively  great  independence 
of  vascular  damage  and,  second,  because  of 
the  behavior  of  the  intercellular  bridges. 
Microscopic  observations  indicate  that  these 
bridges  resist  stretching  for  a  long  time,  and 
even  after  they  are  broken  they  may  persist 
without  being  dissolved.  Thus  spongiotic 
blister  formation  seems  not  to  be  connected 
with  any  selective  attack  on  the  fibrillary 
elements  in  the  epidermis  (cf.  p.  344). 

In  contrast,  blister  formation  in  pem¬ 
phigus  vulgaris  and  possibly  in  other  bullous 
dermatoses  sets  in,  according  to  histological 
findings,  with  dissolution  of  the  intercellular 
spines,  or  “acantholysis.”  No  matter  wheth¬ 
er  this  acantholysis  can  be  observed  con¬ 
sistently  in  certain  diseases  and  not  in 
others,  it  is  highly  significant  that  in  some 
instances  acantholysis  does  occur  beyond 
doubt.  It  indicates  a  selective  action  of  the 
noxious  agent  on  the  fibrillar}^  material  in 
the  epidermis. 

Thus  there  are  at  least  two  different  and 
distinguishable  mechanisms  in  intraepider¬ 
mal  blister  formation:  primary  widening  of 
intercellular  s])aces,  with  preservation  of 
spines,  and  acantholysis,  or  primary  dissolu¬ 
tion  of  spines. 

If  there  is  chemical  damage  to  the  epi¬ 
dermis  introducing  blister  formation,  what 
is  its  nature  in  particular  instances?  The 
first  systematic  study  was  done  by  Peters, 
Thompson,  and  their  associates  (41)  on  the 
mechanism  of  blister  formation  by  the 
arsenical  vesicant,  lewisite.  They  demon¬ 
strated  that  lewisite  acts  by  binding  the 
sulfhydryl  groups  of  cellular  proteins  with 
enzymatic  functions  (p.  571).  By  the  inhibi¬ 
tion  of  these  sulfhydryl  groups,  the  vitamin 
Bi-contaming  enzyme,  ])yruvic  acid  de¬ 
hydrogenase,  becomes  unable  to  oxidize 
pyruvic  acid,  and  the  metabolism  of  the  cell 
IS  profoundly  disturbed  (41). 
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The  correct  recognition  of  this  mecha¬ 
nism  led  to  the  elaboration  of  the  British 
antilewisite  BAL  (climercaptopro])anol  or 
“climercaprol”)  (31).  By  virtue  of  two  sulf- 
hyciiyd  groups  on  adjacent  carbon  atoms, 
dimercaprol  is  able  to  prevent  the  binding 
of  sulfhydryl  groups  in  tissue  {)roteins  by 
arsenicals  and  by  heav>"  metals.  Or,  if  such 
binding  has  already  occurred,  dimercaprol 
releases  the  cellular  sulfhydryl  groups  by 
forming  a  stable  5-membered  ring  with 
arsenic  and  similar  compounds  with  hea\y 
metals  (34).  This  stable  ring  compound  is 
excreted  in  the  urine.  This  is  the  basis  of  the 
detoxicating  effect  of  BAL  (34,  42). 

Similar  to  arsenicals,  iodoacetic  acid  and 
its  amide  are  poisons  with  great  affinity  for 
free  sulfhydryl  groups.  They  are  blistering 
agents  (44,  23),  and  their  effect  is  based  on 
their  sulfhydryl-binding  capacity  (13). 

Another  instance  of  enzymatic  inhibition 
leading  to  blister  formation  was  demon¬ 
strated  by  Dixon  and  Needham  (10).  These 
authors  used  chemicals  inhibiting  the  en¬ 
zyme  hexokinase  which  phosphoiydates  glu¬ 
cose  to  glucose-6-phosphate.  Most  effective 
among  such  compounds  is  methyl  bromide. 
In  the  absence  of  hexokinase,  the  tissue  is 
unable  to  utilize  glucose.  All  chemicals  in¬ 
hibiting  hexokinase  cause  blistering  if  ap¬ 
plied  to  the  skin. 

While  in  these  instances  exogenous  toxic 
substances  cause  the  damage,  evidence  is 
accumulating  that  endogenous  material 
may  also  be  res])onsible  for  blister  forma¬ 
tion.  This  endogenous  material  apparently 
is  liberated  in  the  epidermis  following  injury. 

The  presence  of  j)rot eases  and  peptidases 
in  skin  extracts  was  first  demonstrated 
thirty-five  years  ago  by  Sexmith  and  Peter¬ 
sen  (33).  In  modern  times  Peters  and  his  as¬ 
sociates  initiated  a  thorough  study  of  the 
jiroteolytic  enzymes  of  the  skin  (3,  4,  27). 
Im])ortant  contributions  were  also  made  by 
Fruton  ( 16). 

The  result  of  these  investigations  so  far 
has  been  that  there  are  at  least  three  well- 
characterized  proteolytic  enzymes  present  in 
the  skin:  (1)  a  “dermoprotease,”  which,  al¬ 
though  an  endojieptidase  like  trypsin  and 


chymotrypsin,  is  clearly  different  from 
these  enzymes  by  its  failure  to  digest  typical 
synthetic  substrates  for  trypsin  and  chymo¬ 
trypsin;  (2)  a  peptidase  (leucine  amino- 
peptidase),  which  splits  leucine  amide  and 
is  similar  to  iieptidases  isolated  from  other 
tissues;  and  (3)  a  dermopeptidase  different 
in  its  specificity  from  all  known  enzymes. 

A  further  important  step  in  the  study  of 
])roteolytic  enzymes  was  made  by  G.  C. 
Wells  (46).  He  separated  epidermis  and 
corium  of  human  skin  from  fresh  surgical 
specimens  by  the  stretch  method  of  Van 
Scott  (45)  and  demonstrated  that  the  great 
bulk  of  the  protease  is  located  in  the  ejii- 
dermis  (Fig.  4).  This  protease  he  called  the 
“epidermo-protease.”  Its  specific  features 
are  now  being  investigated. 

There  is  reason  to  believe  that  damage  to 
the  ejiidermal  cells  may  lead  to  the  libera¬ 
tion  of  the  enzymes  from  within  the  cells. 
This  is  borne  out  by  findings  of  Zamecnik 
et  al.  (47),  who  recovered  one  of  the  skin- 
specific  peptidases  from  blister  fluid  in 
burns.  Another  impressive  piece  of  evidence 
was  presented  by  Cullumbine  and  Rydon 
(7).  These  authors  studied  Menkin’s  leu- 
kotaxine  (25),  a  polypeptide  found  in  in¬ 
flammatory  exudates,  which  causes  increase 
in  capillary  permeability  and  ra])id  migra¬ 
tion  of  leukocytes  through  the  capillaiy' 
wall.  This  substance  is  su{)posed  to  be  pro¬ 
duced  in  tissue  injuiy^  and  to  be  the  cause  of 
the  acute  inflammatory  reaction  (j).  100). 
C'ullumbine  and  Rydon,  using  Peters’  der- 
moj>rotease,  found  that  if  this  enzyme  acts 
on  blood  fibrin,  the  si)lit  products  yield  a 
substantial  amount  of  leukotaxine  activity. 
Thus  dermoprotease  may  be  responsible  for 
the  production  of  leukotaxine  in  the  early 
stages  of  vesiculation. 

There  are  two  i)ossible  mechanisms 
whereby  the  proteolytic  enzymes  of  the  skin 
may  become  active  after  injury.  One  is 
liberation  from  the  cell  by  direct  action  of 
the  injurious  stimulus  on  the  cell  periphery. 
The  other  is  destruction  or  inactivation  of 
some  inhibitor  of  the  enzyme  by  the  injur>', 
so  that  the  normally  inactive  enzyme  be¬ 
comes  activated.  The  latter  possibility  was 
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thought  of,  because  intradermal  injection  of 
derm  op  ro  tease  preparations  in  themselves 
do  not  cause  rapid  liberation  of  leukotaxine 

(7).  .  , 

In  the  field  of  acantholytic  blister  forma¬ 
tion  the  recent  findings  of  Stoughton  (35) 
are  significant.  He  succeeded  in  isolating 
from  feces  of  patients  with  ulcerative  colitis 


which  selectively  attacks  the  spines.  Inter¬ 
estingly,  Stoughton  found  that  sulfated 
compounds,  such  as  suramin  sodium  and 
treburon,  which  have  shown  promise  in  the 
symptomatic  treatment  of  pemphigus  vul¬ 
garis,  inhibit  the  activity  of  factor  A. 

Acantholysis  was  observed  also  in  experi¬ 
mental  burns  (20).  It  seems  that  the  spines 


Fig.  4.  Proteolytic  activity  of  epidermis  and  dermis.  Hemoglobin  substrate.  From  Wells  (46).  (Repro¬ 
duced  by  permission  of  the  Williams  &  Wilkins  Company.) 


an  enzyme  which  has  two  distinctly  different 
actions:  a  factor  B,  which  is  similar  to  tryp¬ 
sin  in  all  resjiects,  and  a  factor  A,  which  has 
unique  properties.  When  incubated  with 
formalin-fixed  sections  of  human  skin,  this 
factor  produces  a  histological  picture  remi¬ 
niscent  of  pemphigus  vulgaris,  with  jirimary 
acantholysis  and  secondary  blister  forma¬ 
tion.  Thereby  it  became  feasible  to  postulate 
in  pemphigus  the  presence  of  an  enzyme 
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in  the  epidermis  of  pemphigus  blisters. 

RAPHY 

4.  Beloff,  A.,  and  Peters,  R.  Observa¬ 
tions  upon  thermal  burns;  influence  of 
moderate  temperature  burns  upon  pro¬ 
teinase  of  skin,  J.  Phvsiol.  103:461-76 
1945. 

5.  Bizzozero,  E.  Dermatiti  fossiche  e  spongi- 
osi,  Dermatologica  (suppl.),  97:7-10,  1948. 

6.  Blank,  I.  H.,  and  Miller,  O.  O.  A  method 
or  the  separation  of  epidermis  from  dermis, 
J.  Invest.  Dermat.,  15:9-10,  1950. 

7.  CuLLUMBiNE,  H.,  and  Rydon,  H.  N. 


700 


Physiology  and  Biochemistry  of  the  Skin 


study  of  the  formation,  properties  and  par¬ 
tial  purification  of  leukotaxine,  Brit.  J 
Exper.  Path.,  27:33-46,  1946. 

8.  Day,  T.  I).  Influence  of  hydrogen  ions  and 
natural  salts  upon  the  hydration  of  inter¬ 
stitial  connective  tissue,  Nature,  162:152- 
53,  1948. 

The  permeability  ot  interstitial  con¬ 
nective  tissue  and  the  nature  of  the  inter- 
fibrillary  substance,  J.  Physiol.,  117:1-8 
1952. 

10.  Dixon,  M.,  and  Needham,  D.  M.  Bio¬ 
chemical  research  on  chemical  warfare 
agents.  Nature,  158:432-38,  1946. 

11.  Felsher,  Z.  Studies  on  the  adherence  of 
the  epidermis  to  the  corium,  Proc.  Soc. 
Exper.  Biol.  &  Med.,  62:213-15,  1946;  also 
J.  Invest.  Dermat.,  8:35-47,  1947. 

12.  — ■ — ^ — .  The  nature  of  halogen  sensitivity  in 
dermatitis  herpetiformis  and  pemphigus, 
ibid.,  pp.  55-58. 

13.  Flesch,  P.,  and  Goldstone,  S.  B.  Irritant 
action  of  iodoacetic  acid,  J.A.M.A.,  144: 
1110,  1950. 

14.  Flesch,  P.;  Goldstone,  S.  B.;  and  Weid- 
MAN,  F.  D.  Blister  formation  and  separation 
of  the  epidermis  from  the  corium  in  labora- 
torv  animals,  J.  Invest.  Dermat.,  18:187- 
92,' 1952. 

15.  Flesch,  P.;  Kligman,  A.  M.;  and  Bal¬ 
dridge,  G.  D.  .\n  improved  method  for  the 
separation  of  the  epidermis  of  laboratory 
animals,  J.  Invest.  Dermat.,  16:81-84, 
1951. 

16.  Fruton,  j.  S.  Gn  the  proteolytic  enzymes 
of  animal  tissue.  V.  I’eptidases  of  skin,  lung 
and  serum,  J.  Biol.  Chem.,  166:721-38, 
1946. 

17.  Gersh,  I.,  and  Catchpole,  H.  R.  The  or¬ 
ganization  of  ground  substance  and  base¬ 
ment  membrane  and  its  significance  in  tis¬ 
sue  injury,  disease  and  growth.  Am.  J. 
Anat.,  85:457-521,  1949. 

18.  Kaye,  M.,  and  Lloyd,  D.  J.  A  histological 
and  physico-chemical  investigation  of  the 
swelling  of  a  fibrous  tissue,  Proc.  Roy.  Soc. 
D)ndon,  s.B,  96:293-316,  1924. 

19.  King,  L.  S.  Effects  of  podophyllin  on  mouse 
skin.  III.  A  study  of  epidermal  fibrils,  J. 
Nat.  Cancer  Inst.,  10:689-709,  1950. 

20.  Leach,  E.  A.;  Peters,  R.  A.;  and  Ros- 
siTEK,  R.  S.  Experimental  thermal  burns, 
especially  moderate  temperature  burn. 
Quart.  J.  Exper.  Physiol.,  32:67-86,  1943- 

44. 


21.  Lever,  W.  F.  Histopathology  of  the  skin. 
Philadelphia:  J.  B.  Lippincott  Co.,  1949. 

22.  Lloyd,  D.  J.,  and  Shore,  A.  Chemistry  of 
the  proteins.  Dindon:  J.  &  A  Churchill 
1938. 

23.  Marcus,  M.  D.,  and  Frerichs,  J.  B. 
Dermatitis  due  to  contact  with  iodoacetic 
acid,  J.A.M.A.,  142:805-6,  1950. 

24.  Medawar,  P.  B.  Sheets  of  pure  epidermal 
epithelium  from  human  skin.  Nature,  148- 
783,  1941. 

25.  Menkin,  V.  Dynamics  of  inflammation. 
New  York:  Macmillan  Co.,  1940. 

26.  Nelemans,  G.;  Keuning,  F.  J.;  Ryssel, 
T.  G.  van;  and  Ruiter,  M.  Histological 
changes  in  the  tonofibrils  in  vesicular  and 
bullous  diseases  of  the  skin,  Brit.  J.  Der¬ 
mat.,  64:177-89,  1952. 

27.  Neville-Jones,  D.,  and  Peters,  R. 
Further  observations  on  the  proteolytic  en¬ 
zymes  in  rat  skin,  Biochem.  J.,  43:303-8, 
1948. 

28.  Odland,  G.  F.  The  morphology  of  the  at¬ 
tachment  between  the  dermis  and  the  epi¬ 
dermis,  Anat.  Rec.,  108:399-413,  1950. 

29.  Paltrier,  L.  M.,  and  Woringer,  F.  Con¬ 
tribution  a  I’etude  de  I’histophysiologie 
cutanee;  les  rapports  morphologiques  entre 
I’epiderme  et  le  derme,  Ann.  de  dermat.  et 
syph.,  1:985-1005,  1930. 

30.  Percival,  G.  H.,  and  Hannay,  P.  W.  Ob¬ 
servations  on  the  structure  and  formation 
of  bullae.  I  and  II,  Brit.  J.  Dermat.,  61:41- 
54  and  77-89,  1949. 

31.  Peters,  R.  A.;  Stocken,  L.  and 
Thompson,  R.  H.  S.  British  anti-lewisite 
(B.-\L),  Nature,  156:616-19,  1945. 

32.  Rothman,  S.,  and  Schaaf,  F.  Chemie  der 
Haut.  In:  Jadassohn,  Handb.  d.  Haut-  u. 
Geschlechtskr.,  1  2:161-377.  Berlin:  J. 
Springer,  1929. 

33.  Sexmith,  E.,  and  Petersen,  W.  F.  Skin 
ferments,  J.  Exper.  Med.,  27:273,  1917. 
Quoted  by  Rothman  and  Schaaf  (32). 

34.  Stocken,  L.  A.,  and  Thompson,  R.  1 1.  S. 
British  anti-lewisite.  1.  Arsenic  derivatives 
of  thiol  proteins,  Biochem.  J.,  40:529-35, 
1946. 

35.  Stoughton,  R.  B.  Enzymatic  cytolysis  of 
epithelium  by  filtrates  of  feces  from  patients 
with  ulcerative  colitis,  Science,  116:37-39, 
1952. 

36.  - — .  Personal  communication. 

37.  Stoughton,  R.  B.,  and  Lorincz,  .A.  L.  1  he 


707 


Pathophysiology  of 

action  of  collagenasc  on  skin  and  the  anti- 
collagenase  factor  in  human  scrum,  J. 
Invest.  I  format.,  16:4.1-52,  1951. 

38.  SuNTZEFF,  V.,  and  Carruther.s,  C.  Ihc 
water  content  in  the  epidermis  of  mice 
undergoing  carcinogenesis  by  methylcho- 
lanthrene.  Cancer  Research,  6:574-77, 
1946. 

39.  SzoDORAY,  L.  'Fhe  structure  of  the  junction 
of  the  epidermis  and  the  corium,  .Arch. 
Dermat.  &  Syph.,  23:920-25,  1931. 

40.  SzoDORAY,  L.;  Vertes,  F.;  R.acz,  S.;  and 
Horvath,  G.  Uber  einige  aktuelle  Fragen 
der  Pathogenese  des  Pemphigus,  Dermato- 
logica,  103:125-35,  1951. 

41.  Thompson,  R.  H.  S.  The  effect  of  arsenical 
vesicants  on  the  respiration  of  the  skin, 
Biochem.  J.,  40:525-29,  1946. 


Blister  Formation 

42.  — • — — .  Enzymic  mechanisms  in  skin,  Tr. 
St.  John’s  Hosp.  Dermal.  Soc.,  No.  31,  pp. 
1-6,  1952. 

43.  Unna,  P.  G.  Biochemie  der  Haut.  Jena:  G. 
Fischer,  1913. 

44.  Vamos,  L.  von;  Vertes,  F.;  and  RAcz,  S. 
Zum  Mechanismus  der  Blasenbildung, 
Dermatologica,  99:378-84,  1949. 

45.  Van  Scott,  E.  J.  Mechanical  separation  of 
the  epidermis  from  the  corium,  J.  Invest. 
Dermat.,  18:377-79,  1952. 

46.  Wells,  G.  C.,  and  Babcock,  C.  Epidermal 
protease,  J.  Invest.  Dermat.,  21:459-63, 
1953. 

47.  Zamecnik,  P.  C.;  Stephenson,  M.  L.;  and 
Cope,  O.  Peptidase  activity  of  lymph  and 
serum  after  burns,  J.  Biol.  Chem.,  158:135- 
44,  1945. 


r 


4 


t 


I 


'  •  "f  ’ 


■. 


’■V- 

-• 

% 

vs 

c 

«> 

•ii^ 

A 


/>■  ■'  '■’■■  ■ 


"^■V  * 


i 


\t 


*.  . 

>  »  , 


»►-  3fc.  I'* 

^  ►  »: 

^  ‘  !*• 


r.  i 


'€'• 


%  ■«( 


> 


■«  ' 


.% 


.Absor])tion:  barrier  of,  28,  29,  80, 
32,  33,  35,  36,  37,  46,  47,  50; 
effect  of  blood  flow,  32-33;  ef¬ 
fect  of  concentration,  81-82; 
effect  of  electrophoresis,  50-51 ; 
effect  of  essential  oils,  49;  ef¬ 
fect  of  horny  layer,  31-32,  240; 
effect  of  keratolytics,  32;  ef¬ 
fect  of  lipid  surface  film,  31; 
effect  of  moisture,  52;  effect  of 
oil-in-water  emulsions,  48-49; 
effect  of  organic  solvents,  49; 
effect  of  stimulation,  49-50;  ef¬ 
fect  of  vehicles,  47-49;  meth¬ 
ods  of  estimation,  34;  percu¬ 
taneous,  26-59;  of  single 
compounds,  35-45;  transepi- 
dermal,  35, 47 ;  transepidermal, 
lipid  theory,  29;  transejii- 
dermal,  membrane  theory,  27, 
28;  transfollicular,  29,  33,  47, 
49,  52 ;  transudoriferous,  33,  34 
Acantholysis,  703,  705 
Acanthosis  nigricans,  550 
Acclimatization  to  heat,  158,  161, 
190,  211,  213,^215,  265,  266 
Acetaldehyde,  472 
Acetic  acid  (incl.  acetate),  567, 
570,  576,  701 
Acetoacetic  acid,  664 
Acetyl;  see  under  parent  com¬ 
pound 

Acetvlcholine,  47,  81,  90,  91,  94, 
101,  143,  160-66,  168,  169, 
173-75,  179,  183,  549,  5f)4,  570, 
576,  582,  672,  676;  muscarinic 
action  of,  91,  169-71;  nicotinic 
action  of,  168-73 
Achard-Thiers  syndrome,  630 
Achromotrichia  (incl.  graving  of 
hair),  532,  541,  542,  543,  666, 
672,  674,  676,  688;  anti- 
achromotrichial  vitamin,  543 
Acid  mantle,  221 
Acid  neutralization,  227,  229 
Acid-base  balance,  202,  211,  222 
281 

Acne,  188,  211,  298,  299,  300, 
385,  575,  680 
Aconitase,  476,  568 
Acroasphyxia,  67 
Acrodermatitis  atroi)hicans,  3, 
509 

Acrodynia,  670,  685 
Acromegaly,  499,  550 
Action  currents:  of  sensory  im¬ 
pulses,  126-28;  of  sweat  im- 
imlses,  19,  20 

Adaptation,  sensory,  126,  129 
130,  176  , 
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Addison’s  disease;  see  Adrenal  in¬ 
sufficiency 
Adenine,  668 

Adenosine  diphosphate,  570 
Adenosine  triphosphate,  373, 
566,  567,  571 

Adenylpyrophosphatase,  575 
Adrenal  glands:  and  hair  growth, 
41,  625-26,  629-30;  medulla 
of,  .546,  549;  and  pigmentation, 
546-47;  vitamin  C  content  of, 
677 

Adrenal  insufficiency  (incl.  Addi¬ 
son’s  disease),  108,  214,  215, 
266,  534,  544,  550,  626,  628, 
629 


Adrenal  rest  tumors,  ,101,  627 
Adrenaline;  see  Epinephrine 
Adrenergic  impulses,  85,  86,  88, 
161,166-68,183-84 
Adrenochrome,  526 
Adrenocortical  hormones,  103^, 
499;  see  also  under  single  hor¬ 
mones 

Adrenocorticotropic  hormone 
(ACTH),  103,  145,  265,  299, 
300,  439,  441,  442,  444,  453, 
509,  544,  545,  625,  640 
Afterdischarge,  sensory,  129,  130 
.\ge  differences:  in  apocrine 
glands,  182,  183;  in  calcium 
content,  503;  in  capacitance  re¬ 
actance,  15;  in  carbon  dioxide 
delivery,  582;  in  cholesterol 
content,  485;  in  cholesterol 
excretion,  325,  328;  in  fat 
content,  483;  in  globular 
proteins,  347 ;  in  glycolysis, 
472,  571;  in  hair  properties, 
619-21 ;  in  lipase  activity,  576; 
in  phospholipid  content,  488; 
in  resiliency,  3 ;  in  sebum  excre¬ 
tion,  295-97 ;  in  squalene  excre¬ 
tion,  328;  in  sulfur  content, 
341-42;  in  sweat  pH,  223;  in 
tensile  strength,  5;  in  tension, 
1;  in  water  content,  495 
Agerite  alba,  534 
Agnosterol,  326 


Aianine,  zt)/,  zi)8,  338,  347,  3‘ 
403,  412,  6.14;  347 

Albino,  550 


Albright’s  syndrome,  550 
Albuminoids,  340 
Alcohol  intake,  165,  233,  254 
Alcohols,  309,  312,  313,  314,  321- 
27,  331;  dihydroxy-,  321 
Aldobionic  acid,  431 
•Mdolase,  567 

Aldrich-McClure  test,  27,  419 


Alimentary  toxicosis,  4 
Alkali  neutralization,  227-30; 

sensitivity,  227 
Alkaloids,  38,  42,  46 
Alkalosis,  222,  236,  281 
Alkaptonuria,  664,  665 
Alkyl-phosphate,  101 
.Allergens;  see  Antigens 
Alopecia  (incl.  hair  loss),  622, 
624,  631-40,  641,  644;  areata, 
611,  622,  623,  624,  640;  due  to 
chemicals,  632-34;  due  to 
ionizing  radiation,  634-39;  due 
to  nutritional  deficiencies,  66)4, 
6)66,  667,  673,  675,  676,  685; 
frontal,  627,  630-32;  peroneal, 
632;  physiological,  631-32; 
postinfectious,  623,  639-40; 
see  also  Baldness;  Calvities 
Aluminum,  11,  277,  642,  685, 
686 

Amides,  339,  354 
Amino  acid  antagonists,  633,  6)34 
.Amino  acids,  202,  204,  207-9, 
224,  228,  337^1,  347-48,  351, 
354,  368,  371,  372,  374,  392, 
395,  409,  412,  434,  447,  499, 
517,  541,  542,  567,  571,  573, 
621,  663-66;  acid  and  base 
binding  by,  340;  deficienc}^  in, 
663-65;  diamino,  222,  339, 
353,  357;  dicarboxylic,  222, 
vk^9,  353,  354,  357;  dipolar 
nature  of,  ,539;  essential,  351, 
368,  6)23,  6)24;  periodicity  of, 
340,  354,  399,  400 
.Aminopterin,  677 
•Amitosis,  589 

-Ammonia  (incl.  ammonium 
salts),  186,  208-9,  347,  348, 
374,  530,  574 
-Amyl  nitrite,  233 
-Amyloidosis,  451,  597;  i)ar-,  451 
-Anajrhylactic  shock,  97 
-Anemias,  550;  pernicious;  sec 
Pernicious  anemia 
-Anidrosis,  16)5,  175;  thermogenic, 
270 

-Anilino-quinone,  523,  534 
-Anteisoacids,  315,  316,  321,  322 
-Anteisoalcohols,  321 
.Anti-alo|)ecia  factor,  622 
-Anticholinesterases,  163,  169 
-Anticollagenase,  513 
-Antidromic  vasodilatation,  89- 
91,  94,  140,  175,  188 
-Antigens  (incl.  allergens),  34,  42, 
44,  51,  94,  272,  394,  441,  452, 
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142,  180,  572 
Antihyaluronidase,  572 
Antimony,  43,  645 
Antinicotinic  drugs,  91,  173 
Antipyrine,  33 
Antisodium  Ijarrier,  508 
Apocrine  glands,  168,  177,  180- 
88,  216,  223,  236,  310;  age  dif¬ 
ferences  in,  182,  183;  histo¬ 
chemistry  of,  190-92; innerva¬ 
tion  of,  183;  racial  differences 
in,  180;  sex  differences  in,  182, 
183;  stimulation  of,  183;  struc¬ 
ture  of,  154-55;  see  also  Sweat 
glands 

A{)ocrine  sweat:  composition  of, 
186-88;  pH  of,  221,  222;  urea 
content  of,  204;  see  also  Sweat 
Aqueous  surface  film:  composi¬ 
tion  of,  201-20;  i)H  of,  221-32; 
tonicity  of,  235 
Arachidic  acid,  314 
Arachidonic  acid,  684,  685 
Arginase,  204,  348,  574 
Arginine,  204,  339,  340,  343,  344, 
347,  348,  352,  353,  372,  396, 
411,  412,  574 

Arginine  cycle  of  Krebs,  207,  208 
Argyrophil  fibers,  409-10,  443; 

see  also  Reticulin 
Arrhenoblastoma,  626,  627 
Arsenicals,  43,  4.34,  545,  5.50,  570 
632,  MO-41,  685 
Arterenol,  530 

Arteriovenous  anastomoses,  61, 
75,  77-79,  87,  104,  256,  262 
Aryl-phosphates,  101 
'  Ascorbic  acid,  41,  212,  433,  443, 
444,  .5.34,  54.3,  .546,  5.50,  665 
677,  679,  681;  dehydro-,  677; 
gluco-,  677 
.\sparagin,  207 

Aspartic  acid,  207,  222,  .339,  340, 
.347,  354,  396,  411,  412 
Asteatosis,  224,  225,  291,  294, 
357,  .378-80,  495,  496 
Atabrine,  272,  632,  666 
Atheromata,  324 
Athlete’s  foot;  see  Fungus  in¬ 
fections 

Atomic  bomb  explosions,  639 
Atopic  dermatitis  (inch  atopy, 
atopic  eczema,  atoj)ic  indi¬ 
viduals,  flexural  dermatitis,  in¬ 
fantile  eczema,  neuroderma¬ 
titis  exudative  and  drv),  17, 
80,  91,  1.38,  142,  225,  227,  2.30, 
294,  510,  618,  675,  685,  688; 
vasoconstriction  in.  80,  81,  94; 
see  also  “Eczema” 
ATP-i)hosphoglyceric  transi)hos- 
phorylase,  567 

ATP-I)hosj)hopyruvate  trans- 
j)hos{)horylase,  567 
Atropine  (inch  atropinization), 
13,  18,  19,  21,  46,  91,  1.56,  162, 
163,  166,  169,  172,  184,  213, 
228,  233,  2.36,  238 


Axon  reflex:  hvperalgesic,  1.33 
pilomotor,  94,  170-71,  173 
sweating,  94,  166,  168-7.3,  176, 
vasodilatory  (flare),  91-94,  170 

Baldness,  631;  common  male, 
6.30,  632;  see  also  .•\loi)ecia 
Banthine,  101,  163 
Barium,  .36,  541 

Barrier  of  absonjtion,  28,  29  .30 
32,  33,  35,  37,  46,  47,  .50 
Basal  metabolic  rate,  238 
Basalzellfussclien,  699 
Basement  membranes,  .30,  433, 
436,  4.37,  439,  447,  450,  452, 
699,  701 
Beard,  629-30 
Beeswax,  321 
Behenic  acid,  314 
Benzene,  280 
Beriberi,  665,  688 
Beryllium,  576 
Besnier’s  prurigo,  225 
Bier  spots,  71 
Biliverdin,  677 

Biotin,  211,  371,  54.3,  623,  67.3-75 
Birefringence,  .367,  .374,  40.3-4, 
412 

Bismuth,  43,  645 
Bizzozero  nodules,  367 
Blacktongue,  668,  669 
Blisters  (inch  blistering,  bullae, 
vesicles),  99,  226,  2.39,  511, 
576,  668,  699-709 
Blood  flow:  and  absorption,  .32- 
33;  direct  observation  of,  64- 
69;  in  inflammations,  2.3.3;  in 
irritated  skin,  612,  619;  rate  of, 
70,  74-76,  257,  261,  .581,  631; 
and  sensory  thresholds,  1.35, 
136;  and  sweat  secretion,  188- 
89 

Blood  pressure,  capillary,  72-74, 
83,  233,  257 

Blushing  reaction,  75,  91,  189 
Boron,  642,  685,  686 
Boule  d'aedcme,  419 
Boundary  between  cornified  and 
noncornified  epidermis,  13,  16, 
29,  32,  33 

Bridges,  intercellular  (inch 
spines),  .344,  .345,  586,  70.3,  705 
British  antilewisite  (B.\L),  704 
Bromides,  51,  642,  701,  702 
Bromidrosis,  188 
Bromobenzene,  644-45 
Buerger’s  disease,  66 
Buffering  ca[)acitv,  21  1,  227-30 
Butyric  acid,  222,  .316 

Calciferol,  681,  682 
Calcinosis,  510 

Calcium,  11,  36,  64,  1.30,  14.3, 
172,  202,  215,  216,  .376,  452, 
476,  .502-6,  .509-10,  .541,  576, 
641,  M2,  685,  686,  702,  705 
Calluses,  .31,  251,  377,  .378,  379 


Skin 

Calvities,  6.31;  frontalis  ado- 
lescentium,  631 
Camj)hor,  40 
Candida  albicans,  478 
Cannizaro  reaction,  322 
Cannon’s  rule,  163 
Capacitance  reactance,  14,  15 
Capillaries:  blood  pressure  in, 
72-74,  257;  contractility  of, 
76-77;  of  nail  fold,  M-65,  68- 
79;  periodic  contraction  of,  67, 
75,  85,  100;  permeability  of, 
64,  442,  686,  704 
Capillary  microscopy,  M-69, 
102,104 

Capric  acid,  314 
Caproic  acid,  .316 
Capsaicine,  176 

Carbohvdrates,  186,  .396-97,  409, 
422,  425,  432,  465-82,  56.5-68, 
571,  62.3;  see  also  under  single 
compounds;  Mucopolysaccha¬ 
rides;  Polysaccharides 
Carbon  dioxide:  absorption  of, 
32,  45;  and  buffering,  228-29; 
delivery  to  outside,  580-83; 
and  vasodilatation,  101 
Carbon  tetrachloride,  280 
Carbonic  anhydrase,  688 
Carboxylase,  472,  686 
Carnau'byl  alcohol,  321 
Carotenase,  680 

Carotenes,  41,  3.30,  516,  518,  679, 
680 

Catalase,  575 
Cataphoresis,  51 
Catechol,  .521,  523,  5.30 
Causalgia,  1.34 
Cell  conversion,  590 
Cement  substance,  intercellular, 
M,  407,  452,  684 
Cerotic  acid,  314,  315 
Cerumen,  288,  .328 
Ceryl  alcohol,  321 
Ceryl  palmitate,  321 
Cesium,  36 
Cetyl  alcohol,  321 
Chapping,  378-80 
Cheilosis,  666,  670 
Chelating  agents,  .542 
Chicken  pox,  99 
Chilblain,  262 
Chitin,  422 
Chitosamine,  422 
Chloasma,  .547,  5.50 
Chlorides,  13,  14,  3.5-37,  190, 
202,211,212-15,222,2.35,26.5- 
66,  281,  498,  .500-.501,  .508-9, 
5.30-31,  .5.33  ,  623  ,  685  ,  701 
Chlorine  gas,  .30 
Chloroform,  277,  280 
Chloroprene  dimers,  6.30,  6.3.3, 
6.38 

A^-Cholestenol,  32.3,  487 
Cholesterol,  .31,  37,  186,  191,  .309, 
.312,  .32.3-25,  .327,  .328,  329,  .3.31, 
48.5-89,  577,  611,  62.3,  624; 
7-dehydro-,  323,  329,  681;  di¬ 
hydro-,  323,  324,  485;  esteri- 


fication  of,  325,  486;  esters,  31, 
322,  331,  48(>-87;  ester/lolal, 
327;  7-liydroxy-,  324,  330; 
7-keto-,  323;  meta-,  323;  oxy-, 
323 

Cholesterol  jialmitate,  486 
Choline,  206,  488,  489-60,  543, 
570,  576,  676;  esters,  169 
Cholinergic  imi)ulscs,  88,  60,  61, 
64.  162-65,  176,  183-84 
Cholinesterases,  90,  97,  101,  161, 
184,  185,  186,  331,  564,  570, 
576 

Chondriogenes,  540 
Chondroitin  sulfuric  acid  (inch 
sulfate),  341,  366,  421-25,  432, 
434,  435,  437,  443,  446,  446, 
452-53;  sulfate  11,  432 
Chondromucinase,  432 
Chondrosamine,  396,  422,  424 
Chromatoj)hores,  520,  544,  549 
Chromidrosis,  186 
Chromium,  530,  642 
Chromodacryorrhea,  673 
Chromoprotein,  340 
Chymotrypsin,  573 
Circulation,  60-119 
Cis-aconitic  acid,  473,  474 
Citramide,  374 

Citric  acid  (inch  citrate),  374, 
473,  474,  476,  567,  568,  701 
Citrulline,  207,  208,  347 
Clear  cells,  536 
Cleavage  lines,  3 
Clo,  260 

Clothing,  247,  259-60,  603,  604 
Club  hairs,  606-9,  638 
Cobalt,  530,  642,  685 
Cobefrin,  5v50 
Cocaine,  176 

Cocarboxylase,  472,  477,  665 
Coenzvmes,  565,  566,  568,  571; 

x\,  665,  672;  I,  668;  If,  668 
Colchicine,  595 
Cold,  local  effects  of,  260-64 
Cold  creams,  48;  isotopic,  44 
Cold-handed  ])ersons,  78 
Cold  spots,  121,  122,  123,  146 
Cold-waving  i)rocess,  356 
Collagen  (inch  collagen  fd)ers, 
fibrils,  etc.),  312,  341,  359,  411, 
420,  421,  422,  425,  437,  438, 
444,  446,  447,  451,  453,  495, 
499,  ji66,  571,  572,  573,  577, 
700,  701 ;  action  of  enzymes  on, 
397;  amino  acid  content  of, 
395-96;  birefringence  of,  403- 
4;  carbohydrate  content  of, 
39C-97;  cross-striation  of,  401- 
3,  407,  408,  4.50;  effect  of  hor¬ 
mones  on,  .598-99;  electron 
microscoi)y  of,  407-9;  general 
proi)erties  of,  .59.5-94;  isoelec¬ 
tric  point  of,  .59.5,  107;  molecu¬ 
lar  weight  of,  .596,  .597; 

nitrogen  content  of,  .541,  394’ 
purification  of,  394-95;  shrink¬ 
age  of,  405;  swelling  of,  405-7 
“Collagen  diseases,’’ 409, 451, 452 
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Collagenase,  .597,  4.53,  4.57,  57.5 
Colloid  osmotic  pressure,  72,  73, 
66.5 

Color  of  skin,  69-72,  80,  25.5, 
257,  .51(>-18 
Comedones,  .500 
Congelation,  262 
Connective-tissue  repair,  442-46 
Copper,  4.5,  371,  372,  .575,  528 
5.50,  .5.51,  5.52,  .540,  .541,  542, 
.543,  .545,  565,  568,  62.5,  f)41, 
(A2,  64.5,  672,  677,  685,  686, 
688 

Copropoq)hyrin,  673 
Coramine,  668 
Corio-mucoid,  423 
Corns,  31,  378 
Cortin,  1().5 

Cortisone,  41,  145,  299,  300,  .598, 
.599,  4.5.5,  441,  442,  444-46,  451, 

45.5,  .509,  .544,  547,  572,  629, 
640,  (hll 

Creatine,  205 
Creatinine,  205-6 
/>-Cresol,  521 

Cushing’s  svndrome,  .5,  7,  300, 
5.50,  625,  629 
Cutis  laxa,  6,  450 
Cutis  marmorata,  70,  7 1 
Cutis  verticis  gyrata,  .5 
Cyanocobalamine,  677 
Cysteic  acid,  347 
Cysteine,  3.58,  .540,  .541,  368,  546, 
644,  645;  homo-,  369 
Cvstine,  .5.58,  .541,  .542,  343,  .544, 
.547,  .548,  351,  .552,  3.53,  3.56, 
357,  .568,  369,  .572,  387,  39.5, 
396,  412,  .542,  .543,  621,  623, 

6.5.5,  r>44,  664 
Cystinuria,  664 

Cytochrome:  a,  568;  b,  568;  c, 
.571,  5.50,  568,  569;  oxidase, 
.571,  .540,  569,  571;  i)igments, 
568;  reductases,  568;  systems, 
567,  568,  571,  66.5 
Cytocrine  theory,  5.58,  .540 


Darier’s  disease,  385 
Dark  adaptation,  680 
DDT,  46 

Deamination,  oxidative,  ,548 
Dei)igmentation,  .5.52;  postin- 
flammatory,  535 
Dei)ilatories,  .556 
Depolarization,  11,  1.5,  14,  21 
Depot  function  of  skin:  for  cal¬ 
cium,  50.5;  for  electrolvtes, 
496-99;  lor  fats,  484;  for  water, 

48.5,  496 
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inllammatorv  i)rocesses) 
20,130,2.54,2.58,  261,272, 
.550,  582,  583,  70.5;  cont 
141,  142,  227,  279,  ,508,  i 
eczematous  tv]re,  99,  226- 
foliative,  226,  2.54,  261  ’ 
.55.5,  .577,  486,  489,  .508,’  i 
herpetiformis,  5.50,  669  ' 
seborrheic,  80,  160,  211, 
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224,  229,  272,  294,  .508,  644, 
666,  670,  674;  see  also  Atoi>ic 
dermatitis;  “Eczema” 
Dermatomes:  segmental,  132; 

sympathetic,  178 
Dermatomyositis,  .594,  4.50,  57.5 
Dermograirhia  alba,  79,  84 
Dermographia  elevata,  84 
Dermographia  rubra,  82,  84 
Dermoid  cysts,  310,  .521,  .524,  .528 
Dermoprotease,  704,  705 
Desmoplasia,  590 
Desoxycorticosterone,  41,  10.5, 

213,  265,  442,  444,  445,  446, 
.546,  547,  572  ^ 

Desox3Tibose,  .574 
Desoxyribosenuclease,  4.5.5 
Desquamation  (inch  scaling), 
186,  20.5,  216,  247,  377-80,  .541, 
.59.5,  669,  670,  671,  67.5,  674, 
685,  688;  postintlammatory, 
234,  377,  489 
Deuterium  oxide,  35 
Developmental  folds,  .5 
Diabetes,  165,  209,  2.58,  470,  471, 
477,  478,  479,  680 
Diascopj’,  69 
Diastase,  467 
Diathermy,  264 

Dibenamine,  101,  166,  167,  168 
Dicumarol,  684 
Diethylene  glycol,  40,  49 
Diffusion  potentials,  9,  10,  13 
Dihydroxyphenolase,  .529 
2,3-Dih3'clroxyphen_vlalanine,  527 
/  -.5,  4  -  Dih\'drox\’])henylalanine; 
see  Do])a 

d-3,  4  -  Dih3’drox^'phenylalanine, 
521 

c(/-.5,4-Dihydroxyphenylalanine, 
528,  530 

.5,4-Dihydroxyphenylpyruvic 
acid,  521 

1,3  Diphospho-D-gl3'cerate,  567, 
570 

Discrimination:  spatial,  121,  125, 
126,  1.56;  temporal,  121,  136 
Dismutation,  472,  473 
Disulfide  cross-linkages.  .541-42, 
355,  .556-57,  358,  .5.59,  .568, 
369,  371,  404;  closure  of,  370, 
.572 

Diurnal  variations:  in  body  tem¬ 
perature,  245;  in  mitoses,  37.5, 
597;  in  rate  of  hair  growth, 
617-18;  in  skin  surface  teni- 
I^erature,  245;  in  sweat  secre¬ 
tion,  2.58 

Djenkolic  acid,  356 
Docosyl  alcohol,  321 
Donnan  equilibrium,  405,  .500, 
.501 

Doi)a,  520,  521,  .523,  524,  525, 
-530,  .5.51,  .5.57,  57.5 
(7-Dopa,  521 
(7/-Dopa,  528,  5.50 
Do])achrome,  524,  526,  527,  .528- 
reduced,  52.5,  525  ’ 

Dopa-oxidase,  521,  522,  .540 


712 


Physiology  and  Biochemistry  of  the  Skin 


Dop^aquinone,  523,  524,  525,  528, 
Double  pain  sensation,  127,  130- 


Dry  skin;  see  Asteatosis 
Dunsthulle,  247 
Dysidrosis,  226 

Dysplasia,  multiple  ectodermal, 
18,  156,  184,  186,  203,  208, 
213,  235-37 

Dystrophy  of  infants,  4 


Eccrine  glands:  conditioning  of, 
162,  164,  165,  177,  214;\lis- 
tribution  of,  158-61;  histo¬ 
chemistry  of,  190-92;  inner¬ 
vation  of,  162-65;  number  of, 
158-61;  racial  differences  in, 
158,  160,  161;  structure  of, 
154-55;  see  also  Sweat  glands; 
Sweat  secretion 

Eccrine  sweat,  181,  182,  184,  186, 
318;  composition  of,  201-20; 
osmotic  pressure  of,  201,  202; 
specific  gravity  of,  201 ;  see  also 
Sweat 

“Eczema,”  14,  16,  17,  140,  226, 
229,  239,  477,  507,  508,  582, 
664;  see  also  Dermatitis;  Atop¬ 
ic  dermatitis 

Edema,  in  protein  deficienev, 
542,  663,  686 
Egg-white  injury,  673 
Ehlers-Danlos  syndrome,  6,  450 
Eicosyl  alcohol,  321 
Elastpe,  411,  422,  438,  448 
Elasticity,  3,  449,  450;  of  elastin, 
412;  modulus  of,  5,  7 
Elastin  (inch  elastic  fibers,  fibrils, 
etc.),  341,  391,  393,  395,  410- 
12,  448,  504,  517,  572, 597,  598, 
701;  amino  acid  content  of, 
411-12;  elasticity  of,  412;  elec¬ 
tron  microscopy  of,  412;  swell¬ 
ing  of,  412;  X-ray  diffraction 
of,  412 

Elastometer,  3,  4 
Elastomucin,  438,  448 
Electrical  behavior,  9-25 
Electrical  charge,  10,  11,  14 
Pdectrical  double  layer,  12,  27,  28 
Electrical  pseudo-resistance,  9, 
15,  19,  21,  22,  49 
Electrical  resistance,  12,  14,  18, 
49,  240 

Electrodes,  nonpolarizing,  9,  10, 
13 

Electrolytes:  absorption  of,  36- 
37;  in  diseased  skin,  508-10; 
and  itching,  143;  in  normal 
skin,  496-508;  see  also  under 
single  ions 

Electro-osmosis,  11,  50,  51 
Electroi)horesis,  50-51,  101,  159, 
161,  233,  582 

Eleidin,  32,  240,  375,  590,  591 

Elephantiasis,  449 

Emotional  sweating:  see  Hyper- 


idrosis,  emotional;  Sweat  secre¬ 
tion,  emotional 

Emotional  vasomotor  reactions: 

blushing,  75,  91, 189;  paling,  85 
Emulsions,  48 

Endothelial  cells,  capillary,  30, 
64,76,501,575 
Enolase,  566,  567,  686 
Enzymes,  564-79;  see  also  under 
single  enzymes  and  grou|)S  of 
enzymes 

Epidermin,  346,  367 
Epidermization,  382 
Epidermolysis  bullosa,  699 
Epidermo-protease,  704,  705 
Epinephrine,  47,  49,  77,  80,  81, 
87,  88,  101,  102,  103,  105,  140, 
161,  166,  167,  168,  172,  183, 
190,  261,  467,  521,  526,  546, 
547,  582 
I£l)irenin,  521 

Equivalence  of  basal  cells  and 
prickle  cells,  591-93 
Ergosterol,  329,  681 
Ergot  alkaloids,  101,  104,  105; 
dihydro  derivative  of,  105; 
ergotamine,  105,  167,  170 
Eriodictyol,  678,  679 
Erysipelas,  508,  639 
Erj'themato-urticarial  toxic  erup¬ 
tions,  82 

Erythrose  peribuccale  pigmen- 
taire,  550 

Eserine;  see  Physostigmine 
Essential  oils,  49 
Esterases,  575-76,  680 
Estrogens,  41,  46,  102,  103,  177, 
302,  373,  375,  380,  382,  398, 
441,  453,  547,  548,  549,  626-27, 
628,  629,  666 
Ethanol  amine,  488 
Ether,  280 
Ethylcarbamate,  632 
Eucalyptol,  49 
Extensibility,  4,  5 

Farmer’s  skin,  247 
Fats,  43-44,  483-84,  493-94, 
565-67,  571,  576,  672;  in  hair, 
313,  317,  328;  see  also  Lipids; 
single  compounds 
Fatty  acids,  188,  191,  222,  224, 
318,  322,  331,  476,  488,  576, 
623,  680;  antibacterial  action 
of,  318;  essential,  318,  484,  670, 
681,  684-85;  esterified,  312, 
314;  free,  312,  314,  489;  fungi¬ 
static  action  of,  314,  318,  319- 
20;  with  odd-numbered  carbon 
chains,  316,  317,  322;  unsatu¬ 
rated,  317 
P’eathers,  359 

Female  sex  hormones;  see  Estro¬ 
gens 

Fibrinogen,  346,  391 
Fibrinoid  degeneration,  450-51 
Fibroma  and  fibrosarcoma,  409 
Filtrate  factor,  543,  546 


Mavoprotein  yellow  enzymes 
665,  668 

Fluorine,  645,  685 
Folic  acid,  211,  212,  543,  665, 
676,  677 ;  antagonists,  633,  634, 
677 

Fordyce  disease,  288 
Formalin,  233,  234 
Freckles,  522,  550 
Frostbite,  262 

Fructose  1,6-diphosphate,  567 
Fructose-6-phosphate,  567 
Fumaric  acid,  474,  475,  567,  569 
Fungistatic  action,  314,  318, 
319-20,  645 

Fungus  infections,  177,  221,  226, 
318,  477-79 
Furo-coumarin,  552 


Galactosamine,  acetyl,  422 
Galactose,  44,  396,  421 
Galvanic  skin  reaction,  local,  17, 
18,  21-22 

Gases,  absorption  of,  27,  44-45 
Gaucher’s  disease,  550 
Gelatin,  393,  394,  404-6,  701 
Glomus  bodies,  145 
Glucophosphorylase,  686 
Glucosamine,  422,  424,  428,  440, 
448,  471;  acetyl,  422;  N-acetyl, 
422,  423,  431,  572 
Glucosaminidic  bonds,  432 
Glucose,  44,  209-10,  396,  421, 
422,  427,  428,  436,  466,  467, 
566,  570,  704;  in  skin,  469-79; 
tolerance  test  of  skin,  470, 
477,  478 

Glucose- 1 -phosphate,  566,  567 
Glucose-6-phosphate,  567,  570, 
704 


Glucosidic  linkages,  423 
Glucothionic  acid,  423 
Glucuronic  acid,  422,  423,  424, 
427,  428,  431,  572 
/3-Glucuronidase,  431,  432 
Glutamic  acid,  207, 222, 339, 340, 
344,  347,  348,  372,  396,  411, 
412 


utamine,  207,  347 
utaric  acid,  316 
utathione,  45,  341,  347,  522, 
527,  544,  548,  677;  oxidized, 
347 

lyceraldehyde-3-phosphate, 

567,  570 
ycerides,  331 

ycerine,  312,  313,  322,  325-26, 
434,  576 

ycine,  207,  338,  347,  352,  394, 
395,  396,  400,  403,  412,  677 
ycogen,  32,  186,  190,  191,  209, 
210;  266,  331,  373,  374,  427 
434,  435, 447,  452, 465-68,  477, 
484,  566,  567,  613 
ycogenolysis,  467 
ycohistechia,  477 
ycolysis,  210,  472,  540,  566, 
567,  571 


Glycoproteins,  339,  340,  422, 
443,  673 
Gold,  531,  645 
Golgi  bodies,  330 
Golgi-Mazzoni  endings,  123,  147 
Gonadotropins,  441;  chorionic, 
547 

Granoplasma,  344 
Granuloma:  inguinale,  66;  pyo¬ 
genic,  575 

Ground  potentials,  10,  15 
Ground  substance  of  connective 
tissue,  27,  341,  398,  409,  418- 
64,  471,  701;  development  of, 
446-49;  electron  microscopy 
of,  427;  functions  of,  453;  and 
hormones,  438^2;  isoelectric 
point  of,  420;  pathologic  states 
of,  449-53 

Growth  hormone,  398,  445,  626 
Guanosine,  374 
Gustatory  sweating,  178-80 
Gynecomastia,  183,  623 

Hair,  203,  348,  349,  350,  351,  352, 
356,  359,  368,  372,  373,  374, 
377,  382,  398,  435,  465,  503, 
575,  586,  591,  663;  ambo- 
sexual,  625;  axillary,  298,  628- 
29;  beard,  629-30;  index,  621; 
intermediate,  621;  medullation 
of,  621;  primary,  619;  pubic, 
298,  627-28;  secondary,  619; 
sexual,  626;  terminal,  625 
Hair  cycle,  288, 381,  605-16,  624, 
634-36,  639,  674;  anagen  stage 
of,  606,  613,  614,  638;  arti¬ 
ficial  induction  of,  611-12; 
catagen  stage  of,  606,  614,  635; 
hormonal  influences  on,  614- 
15;  mosaic  pattern  of,  606,  612, 
614;  physiological  control  of, 
614-15;  telogen  stage  of,  606, 
613,  614,  635 
Hair  disks,  147 
Hair  fats,  313,  317,  328 
Hair  functions:  excretory,  (41- 
45;  protective,  584,  602-3; 
sexual,  603;  tactile,  125,  127, 
147,  603-4 

Hair  growth,  601-61;  hormonal 
influences  on,  624-30;  in  vitro, 
622;  life-span  of,  615-16;  nerv¬ 
ous  influences  on,  621-22;  nu¬ 
tritional  influences  on,  622-24- 
rate  of,  616-19 
Hairless  mutants,  604 
Hallachrome,  526 
d-Haloalkylamines,  101 
Harderian  glands,  673 
Heat  conductance,  251-53,  257 
Heat  exhaustion,  214-15’;  syn¬ 
drome,  270,  282 

Heat  loss:  by  conduction,  247- 
48;  by  convection,  247;  evapo¬ 
rative,  235-37,  248,  249;  by 
radiation,  245-57 
Heavy  metals  (and  salts),  33 
39,  42-43,  632  ’ 


Subject  Index 


Heliotherapy,  107 
Helium,  32 
Hematidrosis,  187 
Hemochromatosis,  543,  550 
Hemodynamics,  72-79 
Hemoglobin,  516;  oxy-,  516,  676; 

reduced,  516 
Hemopro.tein,  340 
Heparin,  432,  435,  448,  449,  451, 
630,  632,  633,  634 
Heparinoids,  633,  634,  638 
Hepene,  328 

Herpes:  simplex,  99;  zoster,  99, 
141 

Herter’s  test,  535 
Hertoghe  sign,  627 
Hesperidin,  678,  679 
Hexachlorocj'clohexane,  46,  676 
Hexadienol,  168 
Hexanoic  acid,  222 
Hexokinase,  466,  566,  567,  570, 
571,  704 

Hexosamine,  396,  422,  424,  447, 
451;  acetyl,  451 
Hexuronic  acid,  422,  423 
Plirsutism,  626,  630;  see  also 
Hypertrichosis 
Histaminase,  96,  574 
Histamine,  42,  47,  48,  50,  52,  53, 
83,  84,  90,  91,  94,  101,  108, 
138,  142,  143,  172,  180,  234, 
445,  449,  453,  467,  550,  582; 
in  antigen-antibody  reactions, 
97,  98;  content  of,  in  skin, 
96;  desensitization  to,  98; 
destruction  of,  in  skin,  96; 
liberators,  96;  test,  173;  theory 
of  trij)le  response,  94-100;  in 
thermal  burns,  99 
Histaminemia,  96,  100,  108 
Histidine,  96,  207,  339,  340,  343, 
344,  347,  348,  352,  353,  396, 


Hofmeister  series,  405,  701 
Holocrine  glands,  181,  185,  284 
Homogentisic  acid,  530,  664 
Homologous  series:  of  acids,  314, 
315,  316;  of  alcohols,  321 
Homoprotocatechuic  acid,  521 
Hoofs,  359,  666 


xiuniiunai  iniiuences:  on  apocrii 
secretion,  182-83;  on  collage 
398-99;  on  elasticity,  4;  c 
ground  substance,  438-42;  c 
hair,  624-30;  on  keratiniz 
tion,  380-82;  on  melanin  fo 
mation,  542-48;  on  sebaceoi 
excretion,  295-97;  see  also  S( 
differences 

Hormones:  absorption  of,  4 
controlling  enzymes,  565;  loc 
action  of,  100 

Hyaluronic  acid,  396,  421  42 
25.  429-31,  433-34,  437,  43 
44  W2,  444,  448-49,  451-5, 
protein  complex,  427 
Hyaluronidase,  427,  428-33,  43f 
56,  439-42,  444-45,  448-5 
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451-53;  assay  of,  4,30-31;  in¬ 
hibitors  of,  432 
Hyaluronosulfate,  432 
Hydrocarbons,  322,  328-29 
Hydrocortisone  (inch  compound 
f-),  41,  398,  442,  444,  446 
Hydrogen  bonds,  357,  358,  372, 
380,  392,  400,  404 
Hydrogen  sulfide,  absorjition  of, 
39,  45 

Hydroquinone,  41,  521,  530,  534, 
535;  monolienzylether  of  (also 
/.-benzyl-),  530,  534,  535,  551 
Hydroxy  acids,  188,  315 
Hydroxyglutamic  acid,  339,  354 
Hydroxylysine,  207,  396,  412 
/.-HydroxyphenyljijTuyic  acid, 
521 

Hydrox^qjroline,  207,  338,  347, 
349,  351,  395,  396,  400,  403, 
409,  411,  412 

/.-Hydroxypropiophenone,  534, 
535  _ 

Hyoscine,  46 

Hyperalgesic  states,  131-37 
Hyperemia,  reactiye,  105-6,  2(A 
Hyperglycemia,  470 
Hyperidrosis,  165,  178;  gusta¬ 
tory,  178-80;  localized,  172; 
l)erilesionary,  178;  see  also 
Sweat  secretion,  emotional 
Hyperkeratinization;  see  Sujjer- 
keratinization 

Hyperkeratosis,  377,  543,  667, 
670, 671,  672,  675,  680,  681,  688 
Hyperpathia,  133 
Hypeq)igmentation,  46,  372,  381, 
547;  ])ostinflammatory,  372, 
543;  see  also  Pigmentation 
Hyperpituitarism  (inch  acro¬ 
megaly),  165,  625,  626 
Hypersensitivity  reactions,  98, 
99;  tuberculin  type,  99,  441 
Ilyperthecosis,  627 
Hyperthermia,  236,  252,  257 
Horn,  359,  377,  666 
Il-substance,  90,  95,  100,  142 
Hyalinosis,  451 

Hyperthyroidism  (inch  thyro¬ 
toxicosis),  16,  165,  238,  250, 
499,  532,  546,  550,  627,  629 
Hypertrichosis,  618,  625,  626, 
628,  629,  632;  essential,  ()40- 
41;  lanuginosa,  621;  primary 
619-20;  see  also  Hirsutism 
Hyperventilation,  75 
Hy'poidrosis,  165 
Hypo|)ituitarism,  544,  625,  628, 

Hyimthyroidism,  16,  238,  250 
628,  629,  680 
Hypotrichosis,  620 

Ichthyosis,  239,  374,  377,  385, 
496 

-Id  reactions,  226 
Imidazolines,  101 
Immersion  foot,  262,  2(A 
Immunity  mechanisms,  452 
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Impedance,  15-17 
Incontinentia  pigmenti,  549,  551 
Inclican,  535 
Indigo,  187 

Indole,  520,  523,  535;  5,6-di¬ 
hydroxy -dihydroindole- 2 -car- 
l)Oxylic  acid,  523;  5,6-dihv- 
droxyindole,  523,  525,  528,  535; 

5.6- dihydroxvindole-2-carbox- 
ylic  acid,  523,  526;  5,6-dihy- 
droxy-2-methylindole,  526; 

5.6- dihydroxy-3-methylindole, 
527 ;  6-hydroxy-5-methyl-3- 
phenylin dole  - 2  -  carboxylic 
acid,  527;  -5,6-quinone,  526, 
528 

Indoxyl,  187 
Inductive  reactance,  14 
Influenza,  639 

Infrabasal  horny  layer,  29,  32, 
373,  375 

Inositol,  211,  212,  543,  622,  623, 
675-76 

Insulin,  41,  349,  369,  471 
Interniitotics,  589,  594;  time, 
595,  596 

Intermedin,  544,  545 
Internuncial  neurons,  132,  137, 
139 

Intrasym])athetic  reflexes,  168, 
173, 176 

Iodides,  36,  37,  38,  47,  51,  623, 
685,  701,  702 
lodogorgoic  acid,  338 
lodothyroglobulin,  41 
Ion  transfer,  50;  see  also  Elec¬ 
trophoresis 
Ionic  sieves,  10,  28 
Ionizing  radiation  (inch  X-rays), 
145,  477,  532,  535,  550,  613, 
624,  630;  alopecia  from,  634- 
39;  antikeratinizing  action  of, 
638;  as  cause  of  pigmentation, 
550,  551 

Iontophoresis,  50;  see  also  Elec¬ 
trophoresis 

Iron,  191,  192,  216,  530,  544, 
565,  568,  575,  623,  642,  643, 
685,  686 

Isoacids,  315,  316,  321,  322 
Isoalcohols,  321 
Isocholesterol,  326,  327,  329 
Isocitric  acid,  474,  475 
Isocitric  dehydrogenase,  475,  568 
Isoelectric  point:  of  amino  acirls, 
340;  of  collagen,  395;  of  ground 
substance,  420;  of  keratin,  11, 
230;  of  i)roteins,  29 
Isoleucine,'  144,  207,  317,  338, 
396,  412,  664 
Isoprel,  167,  530 
Isoj)rene,  315,  326 
Isoprenoids,  326 
Isovaleric  acid,  316 
Itch  spots,  123 

Itch  stimuli,  exi)enmental,  148 
Itching,  121,  129, 

211,  225;  central,  143-44; 

diurnal  variations  of,  136),  245, 


I)aroxysm  of,  140;  regional  dif¬ 
ferences  in,  137;  symptomatic 
relief  of,  144-45 

Itchy  skin,  132,  133,  134,  136, 
137,  140,  141,  142 


Kallicrein,  434 
Keloid,  409 

a-Keratin,  344,  346,  347,  355, 

358,  367,  372 

/i-Keratin,  345,  346,  355,  374; 

cross-/3-form,  345 
Keratinization  (inch  cornifica- 
tion),  202,  208,  234,  235,  238, 
261,  279,  285,  310,  325,  331, 
348,  349,  360,  366)-90,  475, 
486,  487,  488,  489,  543,  586, 

590,  613,  632,  633,  634,  637, 
638,  664 

Keratins  (inch  horny  layer, 
horny  material,  horny  struc¬ 
tures,  keratin  fibers,  fibrils, 
keratin  laver),  11-13,  16,  21 
22,  29,  31-33, 135,  203,  228-30, 
234-35,  239-41,  312,  340-41, 
344-47,  349-90,  392,  393,  397, 
404,  517,  566,  571,  573,  577, 

591,  595,  597,  641,  674;  acidity 
of,  224;  amino  acid  com[)osi- 
tion  of,  349-54;  buffering 
ca])acity  of,  228;  classification 
of,  36)0;  elasticity  of,  355,  358; 
enzymatic  digestion  of,  359, 
573;  molecular  structure  of, 
354;  see  also  Hair;  Nails 

Keratolv'sis,  by  lithium  bromide, 

359,  373 

Keratomalacia,  680,  6)81 
Keratoses,  378;  seborrheic,  574 
Kerosis  of  Darier,  224 
a-Ketoglutaric  acid,  474,  475, 
56)7,  56)8,  665 
Ketones,  322 
Kitols,  680 

Krause’s  end-bulb,  122-25,  145 
248 

Kr3'ptosterol,  326 
Kwashiorkor,  542 


Lactic  acid  (incl  lactate),  101, 
210-11,222,224  ,  228,  26)6,316, 
373,  468,  470,  472,  477,  478, 
479,  566,  56)7,  665 
Lactic  dehydrogenase,  567 
Lactogenic  hormone,  -hi 
Langerhans  cells,  586 
Lanoceric  acid,  315 
Lanolin,  279,  280 
Lanopalmitic  acid,  315 
Lanosterol,  326),  327 
Lanthionine,  356 
Lanyl  alcohol,  321 
Lathosterol,  323;  see  also  A^- 
Cholestenol 

Laurie  acid,  315 

Lead,  43,  6)42,  6)44,  685,  686; 

tetraethyl,  43,  6)32^ 

Lecithin,  434,  6)23,  676 
Lecithinases,  433 


Leiner’s  disease,  675 
Lentigo,  541,  550 
Leprosy,  173 
Leschke’s  syndrome,  550 
Leucenol,  6xU 

Leucine,  207,  338,  344,  347,  348, 
372,  396,  412,  621,  6)6>4 
f/,/-Leucyl-glycyl-glycine.  573 
Leukoderma,  531,  535,  551 
Leukokeratin,  540 
Leukomelanoderma,  545 
Leukoplakia,  378,  688 
Leukotaxine,  100,  103,  442,  573, 
704 

Lewisite,  30,  31,  38,  52,  570,  703 
Lichen  pilaris,  69,  382 
Lichen  i)lanus,  106,  508,  551 
Lichenifxation,  142,  247 
Light  reflection,  245-46 
Linoleic  acid,  318,  684,  685 
Linolenic  acid,  318,  684,  685 
Lipases,  313,  331,  576 
Lipid  cell  tumors,  vlOl 
Lii)id-soluble  substances,  632; 
absorption  of,  27,  37-39,  40, 
44;  unsaturated,  633-34 
Lipid  surface  film,  31,  229,  238, 
280,  357,  681;  composition  of, 
309-36 

Lii)ids,  186,  241,  309-36,  483-92, 
494;  see  also  Fats;  single  com- 
])ounds 

Lipofuscin,  191 
a-Idi)oic  acid,  665 
Lipolysis,  312 

Li])oi)roteins,  241,  340,  374,  4-49, 
494 

Lithium,  36,  701;  keratolytic 
effect  of,  359,  373 
Livedo  racemosa,  71 
Livedo  reticularis,  71 
a-Lobeline,  169,  173 
Lupus  erythematodes,  14,  6)8,  69, 
394,  409,  432,  450,  452,  551, 
573,  575,  6)83 

Lupus  vulgaris,  107,  6)81,  682; 

see  also  Tuberculosis  of  skin 
Luteoma.  301,  6)27 
Lymi)homas,  550 
Lyotroi)ic  series,  405,  701 
I^vsine,  207,  339,  343,  >144  ,  347, 
'352  ,  363  ,  396),  411,  412  ,  664 
Lysozyme,  673 

Magnesium,  143,  172,  216),  502-3, 
504,  505,  506,  510,  530,  541, 
6)41,642,685,686,688 
Male  sex  hormones;  see  Testic¬ 
ular  hormones 
Malic  acid,  474,  567 
Malignant  growth,  16,  475,  488, 
550,  574,  575,  591,  613;  see  also 
Melanoma,  malignant 
Malignant  hypertension,  66 
Mammary  glands,  183,  298,  488 
Manganese,  530,  574,  576,  6)42, 
685,  686 

Mast-cell  tumors,  449 


Mast  cells,  438-.^9, 448—49;  hista¬ 
mine  in,  95,  449 
Mecholyl,49,50,  101.  159,169 
Meibomian  glands,  288 
Meirowskv  phenomenon,  71,  521, 
552 

Meissner’s  corpuscles,  123-25, 

Melanin,  517,  518,  519-36,  537, 
542,  543,  546,  568,  573,  577, 
598,  664,  688;  granules,  538- 
40,  544-45,  551;  hormonal  lac- 
tors  in  formation  of,  542-48; 
N-methyl,  526;  neural  factors 
in  formation  of,  549-50;  nu¬ 
tritional  factors  in  formation 
of,  541-43;  pseudo-globulin  of, 
539;  tyrosinase  concept  of 
formation  of,  523-31 
Melanoblasts,  536,  538 
Melanocyte-stimulating  hor¬ 
mone  (MSH),  544-47,  549 
Melanocytes,  522,  532,  536-41, 
544,  547,  549,  550,  551,  552, 
573,  586 

Melanogen,  535,  5.16 
Melanogenesis,  524,  5.50;  sre  also 
Melanin 

Melanoid,  516,  518,  519 
Melanoma,  malignant,  523,  529, 
530,  532,  535,  536,  .540,  .5,50 
Melanophores,  545,  546;  white, 
540 

Melanojmotein,  ,540 
Melanosis,  535,  .542,  543,  .544, 
546,  .547,  551 ;  Riehl’s,  545,  5.50 
Melanuria,  520,  532,  53,5-36 
Membrane  theory  of  epidermis, 
10,11 

Menopause,  102,  103 
Meralgia  ])aresthetica,  133,  1,14 
Mercury,  29,  31,  .14,  43,  48,  ,5.11, 
645;  ammoniated,  29,  4.1,  5.11; 
bichloride  of,  42,  43;  calomel, 
48;  oxide,  yellow,  42 
Merkel’s  disks,  123,  124,  147 
Merocrine  glands,  1.54,  181 
Met,  260 

Metachromasia,  4.14-41,  443 

446,  449,  451 
Metaplasia,  381,  ,182 
Metarterioles,  61,  6.1,  70,  75,  77, 
79,  80,  94 

Methionine,  3.18,  .141,  ,142,  .143, 
.144,  352,  357,  .168,  .169,  ,172! 
395,  412,  62.1,  633,  6(4;  svd- 
fone,  .147 

2-Methyl-2,4  i)entanediol,  40 
Micelle  theory,  .155 
Microincineration,  375,  376,  502 
50()-8 

Microsporon  audomni,  .118-21 
M icrosporon  gypseum,  359 
Miliaria:  crystallina,  277;  ex])eri- 
mentaj,^277-81 ;  profunda,  272, 
276,  277;  inistular,  279;  rubra, 
190,  277  ’  >  , 

Mitochondria,  3.10,  488,  .540 
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Mitosis,  .587-89,  .591,  .59.1-95, 
,597,  612,  615,  6.13 
Mitotic  index,  586-87,  589, 

59,1-94 

Mitotic  time,  .594 
Mnemodermia,  141 
Modalities,  sensory,  121,  125 
Molybdenum,  5.14,  542 
Mongolian  sjjots,  518,  .549,  550 
Monoj)henolase,  528,  .529 
jMoqjfiine,  95 
Mottling,  70-72 

Mucins,  284,  422,  426,  429,  431, 
43(),  4.18,  441,  448,  450 
Mucoid,  422 

Mucoid  degeneration,  4.50-51 
Mucoitin  sulfuric  acids,  .141 
Muco-oligosaccharidase,  431 
Mucopolysaccharides,  190,  .141, 
397,  421,  422-28,  431,  4.16, 437, 
443,  447-49,  451,  699,  701 
Mucoi)roteins,  394,  397,  409, 
422,  4.18,  451,  469 
Mustard  gas,  .10,  31,  52,  570,  572 
Myelomatosis,  451 
Myoepithelium,  154,  167,  168, 
184,  187,  189 
Myosin,  .140,  .145,  .167 
Myristic  acid,  .114 
Myristic  alcohol,  .121 
Myxedema,  4.18,  4.19,  448,  .545, 
582,  627,  629;  localized,  .197, 
4.19,  440 

Nads,  20.1,  240,  .149,  .152,  .174, 
.177,  57.1,  (40,  66.1;  brittleness 
of,  .156 

Naphthalenes,  chlorinated,  5.14, 
680 

Najjhthoquinone,  68.1-84 
Necrobiosis  lipoidica  diabeti¬ 
corum,  68.1 

Nerve  endings:  encapsulated, 
121,  12.1-25;  free,  12.1-25,  1.16, 
145 

Neurofibroma,  409,  550 
Neurotic  excoriations,  1.19 
Neutralization  cajiacity,  227-.10 
Nevi:  blue,  518,  5.50;  ophthalmo- 
maxillaris  Ota,  .549;  ])ig- 

mented,  550;  systematized, 
549 

Nickel,  .5.10,  (42,  685 
Nicotinamide,  1(4,  566,  568, 
668;  methyl-,  211,  669 
Nicotine,  42,  169,  171 
Nicotine  test,  172,  17.1 
Nicotinic  acid  (inch  niacin),  81 
1(4,  135,  211,  ,54.1,  565,  665 
Nicotinic  action,  91,  168-7.1 
Nicotinuric  acid,  668 
Niemann-Pick’s  disease,  .550 
Nii)ple  test,  ,547 
Nitrites,  1(4 

Nitrogen:  ammonia-N,  .148;  in 

ei)idermis,  .141;  in  ground  sub¬ 
stance,  424;  nonprotein,  202, 
.147-49;  total  dermal  loss  of, 
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202-3,  215;  total  in  skin,  ,141, 
.147,  685;  urea-N,  .148 
Nitrogen  gas,  32  _  _ 

Nitrogen  mustards,  52,  .5.15,  5/0, 
576,  6.1.1 

Nitrogenous  constituents,  .137- 
42 

Nocifensor  system,  89,  1.11 
Nonelectrolytes,  499 
Nonkeratins,  .172 
Nor-ei)inei)hrine,  77,  85,  86,  88, 
101,  103,  162,  16.1,  167,  445, 
.547 

Nor-leucine,  338 
Nucleic  acicls,  .540 
Nucleoj/roteins,  340,  374 
Nucleosidases,  668 
Nucleosides,  .174 

Nutritional  influences:  on  fat 
content,  483-84;  on  glucose 
content,  470,  478;  on  glycogen 
content,  466;  on  hair  growth, 
622-24;  on  melanin  formation, 
.541^.1;  on  physiology'  of  skin, 
601-61;  on  sebaceous-gland 
excretion,  302-3 
Nyctalo|)ia,  680 


Obesity,  499 

Occu])ational  dermatoses,  227 
Ochronosis,  .550,  664 
(dctadecyl  alcohol,  .121 
Octyl  alcohol,  49 
Ointments,  .1.1,  .17,  47,  48,  49,  .52, 
2  ^8 

Oleic  acid,  318,  483 
Opium,  42 

Ornithine,  204,  207,  574 
Orthoaminobenzoic  acid,  5.14 
Orthobenzoquinone,  524 
Orthodihydroxyphenolase,  5.10 
Orthophenylendiamine,  5.14 
Orthoquinones,  52.1,  528,  5.10, 
53.1,  5.14,  668 
Ovomucoids,  422 
Oxaloacetic  acid,  47.1,  474,  475, 
566,  567 

Oxalosuccinic  acid,  474,  475 
Oxidation-reduction  imtential; 

see  Redox  poteittial 
Oxygen  uptake;  see  Resjuration 


Pacinian  corimscles,  123,  124, 
14  / 

Pain,  89^  121,  12.1,  124  127-29, 
130-45,  146;  chemical  media¬ 
tion  of,  142-45;  quantitation 
of,  1.14-36 

Palmitic  acid,  314,  315,  .121,  48.1 
PaiUothenic  acid,  41,  211,  212, 
371,  .541,  542,  565,  566,  568, 
62.1,  624,  672-7.1,  688 
1  antothenol  (inch  panthenol), 
41,  624 


Pantoyltaurine,  673 
Pajiaine,  573 
Papilloma,  575,  613 
Para-aminobenzoic  acid 
534,  .542,  543,  552,  676  ’ 


211, 
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Para-eleidin,  375 
Parakeratosis,  352,  374,  377,  387, 
594,  688  '  >  . 

Paraphenylendiamine,  534 
Parathyroid  hormone,  451 
Parathyroid  insufficiency,  499 
(//-Paredrine,  530 
Passive  transfer  tests,  97,  98 
Pastes,  52,  239 
Pectinase,  437 

Pellagra,  543,  550,  668,  669,  670; 
infantile,  542 

Pemphigus,  508,  509,  572,  703, 
705 


Penetrasols,  44 

Penetration,  27,  30;  of  elves,  11, 
12,31,33,51 
Pentanoic  acid,  222 
Pentose,  374 

Peptidases,  704;  aminoexo-,  573; 
leucyl-,  686 

Peptide:  bond  synthesis,  372; 

linkage,  337 
Peptone,  95,  108,  434 
Periodic  acid-Schiff  stain,  435-38 
Permeability,  22,  27;  capillarv, 
64,  72,  73,  82,  83,  442;  of  epi¬ 
dermis  to  water,  239—41,  261; 
irreciprocal,  35,  45 
Pernicious  anemia,  165 
Perniosis,  67 

Perspiration,  insensible;  see 
Sweat  secretion,  insensible; 
W'ater  loss,  insensible 
Phanerogenic  zone,  370 
Phase  angle,  15,  16,  17 
Phenol  oxidases,  672 
Phenols,  39,  42,  210,  277,  374, 
530;  absorption  of,  39-41,  42 
Phenylalanine,  207,  338,  343, 
344,  347,  352,  396,  412,  542, 
664,  665;  4-methoxy-,  530 
Phenylglucosazon,  471 
Phenyli)yruvic  acid,  542 
Phenylpyruvic  oligophrenia,  542, 
664 


Phosjffiatases,  686,  688;  acid, 
191,  331;  alkaline,  191,  331, 
376,  394,  443,  575,  613 
Phosi)hates,  202,  216,  567,  575, 
668;  high-energy,  566 

2- Phospho-D-glycerate,  567 

3- Phosi)ho-D-glycerate,  _56J 
Phosj)hoenol  pyruvate,  567 
Phosj)hoglucomutase,  567 
Phosphoglyceromutase,  567 
Ph  osph  oh  exoisom  e  rase  ,_5  6  7 
Phosi)hohexokinase,  567 
Phospholipids,  209,  313,  330,  331, 

374,  483,  488,  489,  676 
Phosphoproteins,  340 
Phosphorus,  46,  540,  685 
Phos|)horylases,  567^  686 
Photosensitization,  543,  550,  669 
Phrynoderma,  680,  681 
Physostigmine,  94,  101,  163,  169 

Pigment  spread,  540^1 

I’igmentation,  381,  515—63,  669, 


674;  postinllammatory,  532 
550 

Pigments,  515-63,  598,  644; 
blood,  518,  519;  iron-contain- 
ing,  518-19;  primary,  516 
Pilifera,  602 

Pilocarpine,  47,  160,  163,  164, 
166,  168,  179,  183,  222,  305, 

Pilomotion,  82,  88,  174,  189 
Pilomotor:  axon  reflex,  94,  170, 
171,  173;  muscles,  161,  167, 
189 

Pitressin,  102 

Pituitary,  546,  549,  614;  effect  of, 
on  hair  growth,  625-26,  640; 
melanocyte-stimulating  hor¬ 
mone  of,  544-45 
Pituitary-adrenal  axis,  211 
Pituitrin,  102 
Pityriasis  rosea,  508 
Pityriasis  rubra  Hebrae,  80 
Pityriasis  rubra  pilaris,  385 
Plasma-genes,  540 
Pneumonia,  639 

Polarization,  18,  19,  22;  currents, 
9-13,  19;  polarizing  membrane 
of  epidermis,  11,  12 
Polyarteritis  nodosa,  450 
Polycythemia  vera,  68 
Polygalacturonidase,  433 
Polymyxins,  316 
Polyoses,  471 

Polypeptides,  337,  354,  371,  399 
Polysaccharides,  423,  452,  613; 
see  also  under  single  com¬ 
pounds  and  compound  groups 
Poral  closure,  270-81 
Pore  i)attern,  33,  34 
Porphyrinuria,  669 
Postmitotics,  589,  594 
Potassium,  11,  13,  14,  37,  47, 
143,  172,  202,  212,  214,  215, 
234,  501,  502, 504, 505,  508-10, 
530,  685,  686,  701 
Prantal,  101,  163 
Precaj)illary  sphincter,  63,  70,  75, 
77,  79,  80,  94 
Pre-edema,  499 

Preen  gland,  188,  285,  310,  316, 
321,  324,  325,  331 
Preferential  channel,  61,  63,  70, 
74,  253 

Pregnanediol,  641 
Pregnanetrione,  549 
Premotor  syndrome,  174 
Pressure,  146,  147 
Prickly  heat,  270 
Priscol,  105,  167 
Private  climate,  247,  603 
Procaine,  13,  162,  172,  173,  176 
Procollagen,  409,  421,  425,  444, 
447,  448,  450 
Proelastin,  448 

Progesterone,  41,  103,  299,  300, 
549,  572,  641 

Proline,  207,  338,  340,  347,  348, 
395,  396,  400,  403,  409,  412 
Propionic  acid,  222 


Proptosis,  440 
Propylene  glycol,  33 
Prostigmine,  160 
Protamine,  522 

Proteases,  359,  433,  437,  572-73 
701,  704,  705 

Proteins,  11,  186,  212,  228,  337- 
40,  370,  392,  485,  499,  565, 

566,  571,  572,  573,  590,  623, 
624,  670;  conjugated,  340-41, 
394;  deficiency  in,  663-65;  epi¬ 
dermal,  343-61;  fibrous,  340, 
344,  354,  499;  globular,  340, 
344,  347,  368,  369;  mucopoly¬ 
saccharide  complex,  325 

Prurigo  papules,  139,  140 
Pruritus;  see  Itching 
Pruritus  hiemalis,  291,  379 
Pseudohermajihroditism,  629 
Pseudomonas  tumefaciens,  316 
Pseudo-resistance,  galvanic,  9, 
15,  19,  21,  22,  49 
Pseudoxanthoma  elasticum,  510 
Psoralen,  552 

Psoriasis,  14,  17,  69,  106,  234, 
352,  374,  377,  479,  506,  508, 
509,  510,  574,  575,  582,  618, 
681 

Psychic  suggestion  and  pain,  134 
Psychogalvanic  reflex,  13,  16-20, 
21,22 

Psychosomatic  excitability,  80 
Psychosomatic  influence  on  in¬ 
flammatory  skin  diseases,  91 
Pteroylglutamic  acid;  see  Folic 
acid 

Purines,  374,  577 
Purpura,  518,  679,  684,  686 
Pyridoxal;  see  Pyridoxine 
Pyridoxamine;  see  Pyridoxine 
Pvridoxine,  211,  21*2,  371,  543, 
'566,  623,  669-72,  681,  685; -4 
])yridoxic  acid,  211;  4-desoxy-, 
670 

Pyrogallol,  41 

Pyruvic  acid  (inch  j)yruvate), 
472,  473,  475,  476,  477,  566, 

567,  568,  570,  571,  665,  703 
Pvruvic  dehydrogenase,  567,  568, 

'703 


Quinine,  632 
Quinones,  677 


Radioisotopes,  35,  37,  38,  39,  44, 
46,316,  341,342,394,427,428, 
633 


idon,  32,  45 
invier  nodules,  367 
x\  line,  82,  91 

;dox  potential,  527-28,  552, 
677,  565 

ffiex  sweating,  20,  157,  161, 
162,  168,  173-77,  183,248 


Relaxin,  437,  440 

Renewal  time  of  epidermis,  594- 


97 

Resiliency,  3;  age  differences  in,  3 


Resistance;  elastic,  4;  electrical, 
9,  12,  14,  15,  18,  19,21,22,49, 
240;  nonelastic,  4 
Resorcin,  41 

Respiration,  569-70,  571,  581, 
612,  613 

Respiratory  quotient,  580 
Reticulin  (incl.  reticular  fibers), 
391,  393,  394,  409-10,  421, 
437,  438,  446,  447,  701 
Rheumatic  fever,  394,  409,  449, 
450,  452 

Rheumatic  nodules,  408 
Rheumatoid  arthritis,  409,  449, 
450 

Riboflavin,  212,  543,  565,  566, 
568, 577, 623, 665-68; -adenine- 
dinucleotide,  665,  666;  iso-, 
666;  phenazine  analogue,  666; 
-5-phosphate,  665 
Ribonuclease,  190 
Ribonucleic  acid,  190,  375 
Ribose,  374,  668 
Ricketts,  285,  681 
Riehl’s  melanosis,  545,  550 
Ring^vorm  of  the  scalp;  see  Tinea 
capitis 

Rosacea,  256;  keratitis,  666,  668 
Rouget  cells,  76 
Rubidium,  36,  685 
Ruffini’s  endings,  123,  124,  145, 
248 

Rutin,  678 


Sailor’s  skin,  247 
Salicylic  acid,  40,  41,  47 
Salt;  see  Chlorides;  Sodium 
Salt  cross-linkages,  355-58,  37: 

380,  403-5 
Sarcoidosis,  681 
Scaling;  see  Desquamation 
Scarlet  fever,  374 
Scleroderma,  5,  134,  239,  39- 
450,  451,  509,  510,  550,  681 
Scleroproteins,  393,  340 
Scopolamine,  46 
Scratch  reflex,  139,  140,  604 
Scurvy,  443-44,  451,  543,  679 
Sebaceous  cysts,  310,  324 
Sebaceous-gland  excretion  284 
308,  324,  325,  380;  age  ditfe 
ences  in,  295-307;  endocrir 
influences  on,  297-302;  mecl 
anism  of,  288-94;  nutrition; 
influences  on,  302-3;  region; 
differences  in,  295;  sex  diffe 
ences in,  295-307 
Sebaceous  glands,  33,  43,  4' 
183,  223,  225,  284-308,  38: 
484-85,  501,  503,  566,  57( 
612,  613,  666,  674,  687,  681 
development  of,  285-86;  frei 
288;  histochemistry  of,  330-3 
innervation  of,  303-5;  stru( 
ture  of,  385-88 

Seborrhea,  290,  291,  300,  63( 
postencephalitic,  238,  29( 

Sebum,  188,  229,  258,  577,  63^ 
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casual  level  of,  289;  definition 
of,  310;  emulsification  of,  291; 
excretion  rate  of,  289,  290,  293, 
294;  melting  jioint  of,  290;  re¬ 
placement  sum  of,  289;  re¬ 
tained  level  of,  289;  saturation 
level  of,  289;  specific  gravity 
of,  311;  surface  tension  of, 
311-12;  viscosity  of,  289,  310, 
311;  see  also  Lipid  surface  film 
Sekretbechers,  157 
Selenium,  641,  644 
Self-sterilization,  318 
Semiprivate  climate,  247 
Semiquinone,  528 
Senile  changes,  450,  496,  509, 
510,  628;  see  also  Age  differ¬ 
ences 

Sensations,  cutaneous,  120-52;  of 
temperature,  121-24,  127-30, 

145- ^6,  245,  248;  of  touch  ancl 
pressure,  121,  123,  124,  128-30, 

146- 47;  see  also  Itching;  Pain 
Sensitivity:  epicritic,  136;  proto- 

pathic,  136,  137 

Sensory  functions,  120-52,  586 
Sensory  impulses:  action  poten¬ 
tials,  126-28;  central  pathwa3’S 
of,  128-29;  conduction  of,  126, 
130-31 


Sensory  modalities,  121,  124-27 
Sensory  recej)tors,  127,  129,  1.10, 
145,  146,  175,  176,  248,  252 
Sensory  spots.  121,  123,  125,  126, 
145,  146,  147 

Sensory  substance,  94,  143 
Sensory  units,  126 
Serine,  207,  208,  338,  347,  369, 
395,  396,  403,  412,  677;  serjd- 
glycylglycine,  .147 
Serum  sickness,  4.50 
Sex  differences:  in  apocrine 
glands,  182,  183;  in  capaci¬ 
tance  reactance,  15;  in  fat  con¬ 
tent,  483;  in  lactic  acid  content 
of  sweat,  211;  in  pH  of  sweat, 
222-23;  in  polarization,  12;  in 
rate  of  hair  growth,  617;  in 
sebaceous  excretion,  295-97; in 
sweat  secretion,  160,  171,  238; 
in  tensile  strength,  7;  in  water 
content,  496 

Sex  hormones,  284,  298,  445,  .597; 
effect  of,  on  ground  substance, 
440^1;  effect  of,  on  pigmenta¬ 
tion,  547-48;  see  also  Estro¬ 
gens;  Testicular  hormone 
Sexual  skin,  382,  440,  441,  447 
Silicons,  641,  642,  685,  686 
Silk  protein,  .540,  3.59 
Silver,  531,  642,  685,  686 
Sjogren’s  syndrome,  681 
Skin  cycle,  288,  612 
Skin-nerve  units,  172 
Sludges  of  red  cells,  66,  103 
Smallpox,  99 
Smegma,  285,  288,  328 

oi  ^'2,  190,  202, 

211,  212-15,  265,  266,  280, 498 
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.500-.502,  .504-5,  .508,  5.50,  53.5, 
685,  701 

Sodium  chloride;  see  Chlorides; 
Sodium 

Sore  magenta  tongue,  666 
Spiders,  cutaneous  arteriolar,  103 
Spines;  see  Rridges,  intercellular 
Spodogram,  506 
Spongioplasma,  344 
Spongiosis,  70.5 

Spreading  factor,  429,  4.52,  433, 
434,  441,  442,  445 
Sprue,  5.50 

Squalene,  .512,  327,  .528-29 
Stearic  acid,  314,  315,  .518,  483 
Stein-Leventhal  syndrome,  626 
Steroids,  266,  326,  327,  442,  446, 

487,  641,  672;  see  also  under 
single  com[)ounds 

Sterols,  322-25,  .526,  374,  483, 
48.5-88;  see  also  under  single 
compounds 
Stilbestrol,  547 

Stomatitis:  angular,  674;  aph¬ 
thous,  669 

Stratum:  compactum,  32,  .577; 
disjunctum,  31,  377;  granu- 
losum,  29,  32,  240,  241,  484, 
.50.5,  574,  575,  590,  .596,  .597; 
infrabasale,  29,  32,  37.5,  375; 
lucidum,  12,  29,  32,  2.59^1, 

488,  507,  590,  .597;  posteleidi- 
nicum,  507;  pre-eleidinicum, 
.507 

Striae  distensae,  3,  663 
Stripping  of  epidermis,  586,  589, 
592,  597 

Strontium,  36,  37,  642,  685,  686 
Strychnine,  42,  .50 
Succinic  acid,  316,  474,  475,  567, 
568,  569,  570 

Succinodehj-drogenase,  475,  .540, 
568,  569,  570 
Sucrose,  44 

Sudamina,  277;  see  also  Miliaria 
Sulfates,  216,  701 
Sulfhydryl  grou])S  (and  com¬ 
pounds),  352,  359,  .568-72,  .581, 
.585,  387,  531-33,  542-46,  .548, 
552,  6.5.5-34,  638,  641,  644, 
703^ 


Sulfonamides,  33,  48,  52  ' 

Sulfur:  absorption  of,  38,  39; 

total,  in  skin,  341-42 
Sunburn  reaction,  98,  102,  107, 
277,  619;  see  also  Dermatitis; 
Ultraviolet  radiation 
Sun-tanning,  272,  5.54,  5.52-5.5; 
see  also  Hx-iieridgmentation, 
postinflammatory 
Superkeratinization  (incl.  hyper- 
keratinization),  22,  31,  281, 
372,  377,  378,  533 
Sweat,  154-200,  221-23,  235,  236, 
294,  502,  577,  602,  603,  663, 
688;  apocrine,  180-88;  axon 
reflex,  94,  166;  cold,  19,  174, 
189;  composition  of,  186-88; 


718 


Physiology  and  Biochemistry  of  the  Skin 


eccrine,  154-82,  184-86,  188- 
86;  cxi)ulsion  of,  188-86;  pH 
of,  211,  221-32;  real)sorplion 
of,  157,  160,  214 
Sweat  chloride/sweating-rate  in¬ 
dex,  213,  266 

Sweat  glands,  154-200,  236,  468, 
521,  566,  575,  576,  586,  561, 
666;  conditioning  of,  162,  164- 
65,  177;  fatigue  of,  213;  histo¬ 
chemistry  of,  160-62;  structure 
of,  154-55;  see  also  Apocrine 
glands;  h.ccrine  glands 
Sweat-retention  syndrome  (inch 
closure  of  sweat-gland  jiores), 
178,  163,  240,  246,  270-83,  378 
Sweat  secretion  (inch  sweating), 
13,  17,  18,  20,21,  134,  154-200, 
248,  582;  adrenergic,  166-68; 
and  axon  reflex,  64,  166,  168- 
73,  176;  and  blood  flow,  188- 
86;  and  carbon  dioxide  deliv¬ 
ery,  581 ;  in  central  nervous  sys¬ 
tem  diseases,  178;  cholinergic, 
162-65;  cortical  center  of,  20, 
173,  174;  diencephalic  reflex, 
168,  173-77;  emotional,  20, 
158,  165,  174,  176-77,  183,212, 
236,  251,  305;  gustatory,  178- 
80;  insensible,  156-58,  203, 
233,  236,  238,  236;  intermit¬ 
tent,  157,  160,  203,  205,  208, 
206,  214;  intrasympathetic  re¬ 
flex,  168,  173,  177;  nervous, 
168-80;  nonnervous,  161-62, 
165;  periodicity  of,  156-58, 
186,  238;  profuse,  157,  160, 
203,  205,  208,  206;  racial  dif¬ 
ferences  in,  158,  160,  161;  re¬ 
flex,  20,  157,  161,  162,  168, 
173-77,  183;  sex  differences  in, 
160,  171,  2v58;  sjnnal  reflex,  168 
Sympathin  E  and  I,  60,  167 
Syphilis,  627 


Tattoos,  518 

Taurine,  347 

Telangiectasia,  103,  106;  essen¬ 
tial,  67 

Temperature  of  skin  surface,  100, 
101,  145,  146,  213,  224,  236, 
248,  246,  252,  254-60,  260, 
377,  552;  and  alcohol  intake, 
254-57;  and  food  intake,  245, 
254-55 

Tensile  strength,  3,  5-7;  age  dif¬ 
ferences  in,  5;  sex  ditferences 
in,  7 

Tension,  1-3,  4,  5;  age  differences 
in,  1 


Terpenes,  46 
Terpenoids,  326 

Testicular  hormones  (inch  male 
sex  hormones),  103,  268,  266, 
3(K),  302,  547-48,  546,  626,  628, 


630,  631 

Testosterone,  41,  103,  268,  266, 


300,  301,  382,  368,  441,  442, 
453,  627,  628,  626 
Tetrabromotvronine,  634 
Tetracosanoic  acid,  314 
Tetraethvlammonium,  140,  171. 
172,  173 

Tetrasaccharide,  431,  432 
Thalamic  syndrome,  133 
Thallium,  542,  613,  624,  627, 
630,  632,  633,  638,  645 
Thecoma,  627 
Thermal  balance,  106,  244 
Thermal  conductance,  251-53, 
257 

Thermal  contraction  and  super¬ 
contraction,  345,  346,  355 
Thermal  gradients,  145,  146, 
248,  250,  251-53 
Thermal  injurv,  252 
Thermal  receptors;  see  Sensory 
receptors 

Thermal  stimuli,  177;  penetra¬ 
tion  of,  2(')4;  vascular  responses 
to,  100 

Thermoregulation,  174,  180,  244- 
66;  and  alcohol  intake,  254-57; 
center  of,  244-45;  in  diseased 
skin,  261;  and  food  intake, 
254-55;  role  of  hair  in,  603;  by 
sweating,  248-50;  and  sweat- 
retention  syndrome,  281-82; 
by  vasomotion,  245,  253-58 
Thiamine,  212,  472,  477,  565, 
566,  568,  543,  665;  dijrhosjrho-, 
472,  665;  pyri-,  665 
Thiocyanates,  632,  701,  702 
Thiogljxerol,  46 
Thioglycolic  acid,  46 
Thiouracil,  325 
Thormahlen’s  test,  535,  536 
Threonine,  207,  338,  344,  347, 
366,  412,  664 

Thvroid  (inch  thyroxine),  37, 
302,  533,  545-46,  627,  702 
Thyrotropic  hormone,  436,  440 
Tickle,  121,  138,  146 
Tin,  43 

Tinea  capitis,  226,  318-21 
Tinea  jredis,  318 
Titanium,  M2,  685,  686 
Tobacco  inhaling,  75,  87,  104 
Tocopherols,  330,  683 
Tonofibrils  (inch  epidermal  fi¬ 
brils),  346,  347,  355,  366,  406, 
586,  560 
Tonometer,  4 
Tonus  potentials,  13-14 
Total  base,  504-5 
Touch;  see  Sensations,  cutaneous 
Trace  metals,  541,  542,  565,  645, 
685 

Trench  foot,  262,  264 
Tricarboxylic  acid  cycle  of 
Krebs,  472—75,  566-72,  665 
Trichobezoar,  664 
Trichophyton  mentagrophyles,  3J8 
Trichopliyion  pnrpuretim,  177 
318 

Trichosiderin,  518-16 


Trichostasis  lanuginosa,  620 
Trichozoa,  602 

Triglycerides,  44,  312,  325,  326 
Triosephosphate  dehydrogenase, 
5M,  567,  570,  571 
Tri])le  response  of  Lewis,  64-100, 
140 

Trilerpenes,  326 

Triterpenoid  alcohols,  312,  326- 
27 

Tritium  oxide,  35,  36 
Trojrical  anidrotic  asthenia,  270 
Trv])to])hane,  207,  338.  .143,  .144, 
.146,  .152,  3.S3,  .172,  .165,  .166, 
412,  425,  4.1.1,  518,  .542,  664, 
666,  670,  677;  nrethyl,  634 
Tubercle  Ijacillus,  316 
Tuberculosis  of  skin,  468 
Turgor,  4,  441 
Tyndall  effect,  517,  516 
Typhoid  fever,  636,  640 
Tvramine,  108 

Tyrosinase,  523-31,  .540-4.1,  .545- 
46,  .548,  552,  565,  568,  57.1 
Tyrosine,  207,  3.18,  .140,  343-44, 
347-18,  351-53,  .172,  .16.5-96, 
412,425,436,4.53,520,521,523- 
28,  530-31,  5.13-35,  .540,  .542, 
546,  548,  552, 568, 57.1, 664, 665, 
677;  3-amino-,  5.10,  53.1;  ajio-, 
531;  dibromo-,  634;  di-iodo-, 
5.10;  .1-fluoro-,  530,  5.13;  N- 
acetyh,  529,  5.10,  .5.13;  X- 
formyl-,  529,  5.10,  .5.13;  N- 
methyl-,  526 
Tyrosine  antibodies,  5.11 

Ultraviolet  radiation,  22,  97,  107, 
108,  1.11,  247,  277,  477,  520, 
524,  528,  .5.12,  5.14,  .^47,  5.50, 
552,  582,  603,  611,  668,  681 
“Underglutamic  acid,”  347 
Unsaponifiable  matter,  313,  321, 
.122 

Uranium,  642 

Urea,  192,  202,  20.1-5,  207,  347, 
.148,  374,  574 
Uremia,  165 

Uric  acid,  20.1,  205,  207,  374 
Uricase,  688 
Uronic  acid,  422,  4.51 
Urorosein,  669 
Urtica  urens,  95 

Urticaria  (inch  urticarial  reac¬ 
tions,  whealing,  wheals),  47, 
82-84,  94-100,  142,  70.1;  cho¬ 
linergic,  97,  576;  to  cohh 
95,  97;  factitial,  84,  91,  67;^t_o 
heat,  84,  67;  papular,  575; 
with  pigmentation,  5.50;  ])ig- 
mentosa,  449,  550;  solar,  84, 
95,  97,  98 

Vagabonds’  disease,  5.50 
Valine,  207,  316,  338,  .144,  .14/, 

348,  372,  .196,  411,412,  6(>4 
Vanadium,  530,  6t)4 
Vascular  diseases,  peripheral, 
102,  105,  250 


Vascular  reactions,  79-119;  an¬ 
tagonistic,  106,  107;  con¬ 

sensual,  106,  107,  108;  non- 
nervous,  7  9-84 

Vasoconstriction,  18,  104,  1/4, 
189,  582;  by  central  Impulses, 
85-87;  by  local  rellex,  88;  by 
long  reflex,  87,  88;  nonnervous, 
79;  periodical,  67,  75 
V^isodilatation,  104,  134,^  189; 
after  alcohol  intake,  254-57; 
antidromic,  89-91;  by  axon 
reflex,  89-92,  94,  104,  262; 
cholinergic,  88,  94,  179;  in 
internal  organs  in  resi)onse  to 
cutaneous  stimulation,  106-8; 
after  meals,  108,  245,  254-55; 
nonnervous,  82;  rhythmical, 
262;  bv  sympathetic  fibers,  88- 
89 

Vellus,  620 
Vernix  caseosa,  285 
Vesicants,  571,  576 
Viosterol,  681 

Viscerocutaneous  reflex,  256 
Vitamin  A,  41, 281,  330,  375,  382, 
383,  384,  385,  387,  479,  543, 
550,  623,  633,  638,  679-81 
Vitamin  B  factors,  41,  211,  371, 
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665-77;  see  also  under  single 
factors 

Vitamin  Be;  see  Pyridoxine 
Vitamin  B12;  see  Cyanocobala- 
mine 

Vitamin  C;  see  Ascorbic  acid 
Vitamin  D,  41,  107,  285,  310, 
329,  330,  681-83 
Vitamin  E,  330,  623,  683 
Vitamin  H;  see  Biotin 
Vitamin  K,  41,  683-84 
Vitamin  P,  679 

Vitamins  (inch  deficiencies,  pre¬ 
cursors),  41,  45,  329-v30,  541, 
543,  565,  566,  571;  see  also 
under  single  vitamins 
Vitiligo,  531,  533,  545,  550 
Vogt-Koyanagi  syndrome,  531 


W  armth  sj)Ots,  123,  145,  146 
W  arts,  574,  613 
Washable  bases,  48,  49 
Water,  493-99,  508-14;  absorj)- 
tion  of,  35-36;  available,  496- 
97;  bound,  499;  free,  499;  in 
ground  substance,  421;  in 
keratins,  229,  374,  379,  380; 
in  skin,  483,  493-99 
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Water  loss,  insensible,  .36,  52, 
156,  23.3-43;  total,  236-39; 
transepidermal,  2.33 
W'ax  alcohols,  31,  .309,  .312,  .31.3 
Waxes,  .31 

Weatherbeaten  skin,  247 
Wettedness,  250 
Wetting  agents,  .3.3,  49 
White  line,  79,  80,  82 
Winter  itch;5ee  I’ruritus  hiemahs 
Wintergreen  oil,  49 
Wool,  349,  351,  .3.54,  .357,  .3.59, 
.371,  372 

Wool  fat,  312,  314,  .317,  .321,  .329 

Xanthine  oxidase,  577 
X-disease,  680 

Xeroderma  ])igmentosum,  550 
Xerophthalmia,  680 
Xerosis;  see  Asteatosis 
X-rays;  see  Ionizing  radiation 
X-rav  diffraction,  .344,  .391-92, 
398,  399-403,  412,  1)43 
Xylol,  280 

Zinc,  .5.30,  ,541,  .54.3,  565,  623,  643, 
685,  686,  687,  688 
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